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Abstract
The progress in a number of applications, including re-entry space vehicles, turbo-
machinery and many others, is limited by an inadequate high temperature performance --
i.e., creep and oxidation resistance -- of existing materials, thereby restricting the specific
power and effectiveness of the entire assembly. Such materials -- metals and intermetallic
compounds -- have reached a limit in their potential. The goal of the present work has been
the design, development and investigation of new materials for high temperature
applications. As a result of these design efforts aluminum oxide fiber-aluminum oxide
matrix composites have been proposed. New titanium and zirconium oxide fiber coatings
have been developed for these composites. Experimental technique known as laser
spallation method has been further expanded to allow for testing the adhesion strength of
thin ceramic coatings and has been applied to newly developed coatings. A mathematical
model of the laser spallation experiment has been proposed. Examination of the coatings
has shown that the interfacial strength of titanium oxide coatings can be varied in a wide
range, thus enabling formation of a weak layer, protecting the fiber of the composite under
conditions of catastrophic failure. Inter-diffusion of the elements of the developed
composite was found to be of a low level. Mechanical testing of composite has been
conducted, showing very high creep resistance and limited deformation to failure in a wide
temperature range.
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Chapter 1
Introduction. Design of a High Temperature
Composite Material
An increase in the performance of high temperature components and machinery
relies on the development of new materials able to perform under the extreme operating
conditions. For such high temperature applications components with continuous
reinforcing fibers have many advantages. This work is devoted to the design, development
and investigation of these composites.
There are four temperature ranges for which different design considerations are
required for composite materials. These are:
1. Ambient and slightly elevated temperatures -- up to approximately 1000 C.
Organic polymer matrix composites reinforced with stiff graphite and ceramic fibers or
fillers offer the best specific mechanical characteristics (strength, elastic stiffness and
fracture toughness per unit of weight)
2. In the range above the ambient temperature, up to approximately 4000 C,
composites with matrices of aluminum, magnesium and their alloys are the most suitable.
3. In the range between 4000 C to 9000 C, composites with intermetallic compound
matrices such as NiAl and TiAl are the most promising.
4. In the range above 9000 C and up to 15000 C (and, possibly, even higher),
ceramic matrix composites with matching single-crystal reinforcing fibers appear as the
only choices for these conditions.
The area of concentration of the present work is the design, processing and
investigation of the properties of materials suited to perform under the conditions of the
fourth category listed above, i.e. at temperatures of up to 15000 C. On the basis of analysis
presented below, composites containing A1203 polycrystalline matrix reinforced with A120 3
continuous single crystalline fibers was identified as the most promising system and is the
focus of the present work.
1.1 Principles guiding the choice of composition
The development of new advanced structural materials for high temperature
application remains an important technological goal. The progress in many areas of
technology, such as gas turbines, space re-entry vehicle design and the like, is dependent
on the development of new high temperature structural materials. The requirements for
these materials are stringent. They must bear high stresses at temperatures of up to 1500
OC; perform without changes in their properties for hundreds of hours (in some
applications for years); withstand highly reactive and hostile environments and have
adequate fracture resistance' and damage tolerance in the entire temperature range, from
ambient temperature to service conditions.
Until recently, materials for high temperature structural applications have been
largely restricted to advanced metallic alloys or intermetallic compounds. However,
metallic materials and even intermetallic compounds have reached a limit in their potential
for development 11.11. Ceramics present themselves as materials which offer new avenues
to a significant increase in service temperature 11.1 - 1.3].
One of the design limiting constraints for high temperature composites under
normal operating conditions is creep, which causes a change in the shape and dimensions
of the components made out of these composites, and ultimately leads to a time dependent
fracture or more complex failure. By virtue of their strong chemical bonds, most ceramics
considered as high temperature materials , i.e. oxides, borides, carbides, etc., are more
creep resistant than metals, making them the natural choice for materials for high
temperature applications. In these materials, up to quite high temperatures, the resolved
shear stresses needed to produce dislocation motion on the known slip systems is often
larger than what produces fracture in relatively flaw free sample 11.4], making inelastic
response by dislocation motion impossible. To increase the resistance to diffusional flow
(Nabarro-Herring, Coble creep) it is beneficial to use material with large grains. Another
' Normally fracture toughness is a desired response form. Successful fiber reinforced composites however
do not exhibit distinct planar cracking that metals do, but fail in a more complex mode involving much
delamination along fibers and axial splitting, etc.
consequence of the absence of easily activated dislocation plasticity is the intrinsic
brittleness of these materials leading to catastrophic fracture, thus necessitating special
means to prevent such behavior.
The successful composite material must utilize the best features of the performance
of ceramic materials (i. e. high creep resistance) and to compensate for their disadvantages
(low fracture toughness). The composite material with unidirectionally aligned single
crystalline fibers is a natural choice to satisfy this requirement. Single crystal fibers will
impart to the material high creep resistance. Also the single crystal fibers are usually
stronger than the matrix2 and, with the right choice of mechanical properties of a protective
coating, the strong fibers will delaminate from the matrix during brittle fracture of the
composite, thus providing the means for enhancing toughness of the composite by crack
arrest.
Another design constraint is the chemical reactions that can occur under these
conditions of high temperatures. There are two types of concern. One is reactions with the
hostile environment - primarily oxidation. Another group is the chemical reactions and
mutual solubility between the elements of the composite itself. Reactions of both of these
types are very intense and rapidly lead to the deterioration of mechanical properties and
eventual fracture. High rate kinetics at these temperatures makes the application of the
protective coatings less than effective. Without reliable surface protection oxidation
reactions drastically change the properties of the structure in short time, significantly
decreasing all mechanical properties.
2 The strength of ceramics (as with all brittle materials) is governed by a distribution of flaws. As single
crystalline fibers do not have impurities and grain boundaries, they can be processed with lower levels of
flaw populations then the matrix and thus made much stronger than the later.
Some material combinations, including those based on NiAl and MoSi
compositions, generate a flux of oxide-forming element(s) from the interior toward the
surface and form a continuously thickening oxide layer during the exposure to oxidizing
environments at high temperature. This protects the structural components from further
oxidation. However, the coefficient of thermal expansion (CTE) of these oxide films
usually differs substantially from the CTE of the bulk. This causes generation of high
levels of misfit stresses in the coatings during temperature changes, which cause oxide
films to crack or spall off by blistering, leading to component failure in quick succession
[1.51.
The solution to the oxidation problem demands using oxides. Composites,
incorporating single crystal oxide fibers into polycrystalline matching oxide matrices of
the same composition offer a number of advantages for use at high temperatures in
oxidizing environments. This approach will alleviate, if not completely remove, issues of
coefficient of thermal expansion (CTE) mismatch between the fibers and the matrix,
chemical compatibility between the elements of the composite and atmospheric corrosion.
Difference of CTEs between fibers and matrix in such materials is only as large as the
difference in CTEs of the anisotropic crystal measured in different crystallographic
directions.
The choice of oxides for this kind of composite is rather limited. Single crystalline
fibers of only one composition are available commercially, namely, aluminum oxide fibers.
While fibers of some other compositions are under development (YAG eutectic fibers,
ZrO2, mullite), excellent creep resistance of ox-A120 3 when loaded along the
crystallographic c direction makes properly aligned aluminum oxide fibers one of the best
candidates for use as a reinforcement. Thus it becomes clear that for high temperature
applications, a composite material consisting of unidirectionally aligned continuous single
crystal ox-A120 3 fibers imbedded into a polycrystalline A120 3 matrix is one of the most
promising systems.
It is interesting to note that, not withstanding the common perception, the difference
in CTEs of A120 3 in different crystallographic directions is relatively small. Figure 1.1
shows the linear thermal expansion (integral of CTE) for A120 3 over a broad temperature
range 11.61. The difference in the expansion of A120 3 between two principal
crystallographic directions during heating from room temperature to 1600 OC is no more
than 0.2%. Moreover, the difference between the measured CTEs in principal directions
and that of a polycrystalline matrix is only about half of this value. Thus, this level of
thermal misfit could be accommodated by elastic deformation.
The mechanical properties of this A120 3-A120 3 composite, as well as other matching
ceramic matrix/ceramic fibers composites, such as strength, fracture toughness and creep
resistance are governed by the conditions of the fiber - matrix interfaces [1.7]. The
desirable approach is to control the properties of these interfaces through the mechanical
properties of the coating, deposited on fiber surfaces prior to incorporating the fibers into
the matrix. A successful coating forms a durable chemically inert layer and performs the
following functions:
(a) protects the fiber surface from possible mechanical damage during
processing of the powder matrix around fibers;
(b) prevents sintering of the fiber to the matrix in the composite during
operation, or grain growth of the fibers into the matrix;
(c) forms a mechanical fuse that protects the fiber during service by effective
crack deflection.
Moreover, the fiber coating for this composite should be chemically stable in an
oxidizing atmosphere, should not be soluble in or react with either matrix or fibers under
the temperatures of interest for the desired service period and should be capable of
transferring the shear stresses, from the matrix to fibers, associated with the regular service
conditions.
To satisfy the above requirements it was proposed to apply a specially chosen
metallic coating to the fiber surface prior to incorporating them into the composite. This
coating would then later undergo in-situ oxidation during processing of the composite.
As coating material, metallic Zr and Ti were chosen which later oxidized into ZrO2
and TiO 2 respectively. This choice was based on the phase diagram for TiO2, A1203 and
ZrO2. Figure 1.2a shows the phase diagram for Al203- ZrO2 As can be seen from the
Figure 1.2a, there are no compounds formed between these two oxides in the temperature
range up to (1710 +/- 10) OC. Moreover the solubility between these components was
found to be negligible. Figure 1.2b shows the phase diagram for Al 20 3-TiO2 [1.8]. While
the formation of A12TiO, phase is thermodynamically possible at a temperature above 1200
OC, it was hoped that the kinetic of this reaction might be slow at these temperatures due to
very low solubility of TiO 2 in Al203 (about 0.30%) and absence of solubility of Al 20 3 in
TiO 2. As will be shown later, a few grains of Al 2TiO, were observed after exposure of
TiO 2 coating on A120 3 substrate to 1600 OC for 24 hrs. The ternary phase diagram of the
system Ai 20 3-TiO2-ZrO 2 is shown in Figure 1.2c and Figure 1.2d. Again, it was expected
that while the formation of ZrTiO 4 is thermodynamically possible, the kinetics of this
reaction might again be slow enough at the temperatures of the order of 1500 OC.
Thus, the composite of interest here consists of oc-Al20 3 single crystalline fibers
imbedded into a polycrystalline A120 3 matrix. The a-Al 20 3 fibers are to be coated prior to
incorporating them into the matrix with a metal coating, such as Ti or Zr. During the
processing of the matrix, which includes sintering in air, the metallic coatings will oxidize
and form an oxide coatings with the compositions of TiO 2 or ZrO2 respectively.
In this composite the creep resistance is supplied by the single crystal a-A120 3
fibers. The creep resistance of single crystal a-Al20 3 is highly anisotropic. It is highest in
the direction of the crystallographic c axis and is drastically lower in any direction
perpendicular to the latter. Thus to utilize the high creep resistance of single crystal a-
A120 3, fibers were produced with their c-direction aligned with the fiber axis, and
composites of such aligned fibers were studied. The single crystal a-Al2O 3 fibers were
also found to be much stronger than the matrix (almost by an order of magnitude) when
loaded in c direction, and with the correct choice of the coating properties, they should also
produce crack bridging in service.
This choice of composition answers the problems of creep, chemical compatibility,
thermal stresses and thermal fatigue, chemical stability in most corrosive environments and,
with the right selection of properties of fiber coating, substantially increases the fracture
toughness of the composite. Some of the key properties of this composite will be
addressed in what follows.
Chapter 2.
Processing of A120 3 Fiber -- A120 3 Matrix
Composites.
2.1 Fiber Processing
The single crystal (x-A120 3 fibers used in the present study were grown from the
melt using the Edge Defined Film Fed Growth (EFG) process [see 2.1.1 and numerous
sources referenced therein]. Each fiber was grown from a hollow cylindrical die tip, to
which the molten A1203 was continuously fed by capillary forces from a crucible. Metallic
Mo was used as a crucible and die material, as it is wetted by molten A120 3 and is
compatible with it.
Each fiber was started by a seed, grown from a die surface by solidification.
Continuous fibers are then grown from the molten film on the die surface by withdrawing
the seed in a vertical direction at a speed consistent with the rate at which molten material
can be supplied to maintain the continuous film of liquid A120 3, and also extract the heat of
solidification.
The fibers in the present study were grown at Advanced Crystal Products Co.,
(Woburn, MA) to our specifications. Fibers were continuously grown to a length of about
2m at a relatively slow speed of (1-2) m/hr, ensuring that the fiber was free of visible
internal defects (voids) and the lateral surface of the fibers was of high quality. The
diameter of the fibers was about 140 tm. The cross section of the fibers was not fully
round, but had a slightly triangular shape, shown in Figure 2.3.4a.
the fibers, i.e. the angle between the fiber axis and crystallographic
than 2.50 for all fibers.
The misalignment of
c-direction, was less
2.2 Matrix Processing
2.2.1 Introduction
Forming and matrix processing is one of the critical steps in the design and development of
a ceramic composite, as evidenced by the large body of literature devoted to this subject.
Essentially the underlying principle of all processing techniques is that a preform of
fibers with required geometry is infiltrated with a matrix or a matrix precursor to form a
"green" body with a density of about (65-70)% of theoretical, almost always with
subsequent sintering and heat treatment, with the goal to densify the matrix (in most cases)
as close to the theoretical density as possible. The infiltrating materials include:
a liquid metal to be oxidized later (the DIMOX® process);
a mixture of metallic and ceramic powder to produce an intermediate shape with
sequential oxidizing and sintering and thus obtaining the ceramic body;
a powder slurry followed by Hot Isostatic Pressing (HIP);
liquid precursor infiltration and its variation, sol-gel fabrication;
chemical vapor deposition (CVD).
The obstacle to obtain a high-quality fully dense ceramic matrix is that during the sintering
the green body undergoes a significant volumetric shrinkage. Presence of even a small
amount of "rigid" reinforcement retards the densification significantly, in some cases
stopping the sintering process altogether [2.2.1, 2.2.2]. Hot isostatic pressure, even with
a low level of applied stress, improves densification [2.2.3], but is prone to damage fibers
with high anisotropy of strength properties (such as A120 3). While there is some evidence
that the densification of ceramic green bodies containing glass forming sintering aids is
affected significantly less than those without such sintering aids [2.2.4], the formation of
glassy intergranular layers in these materials is detrimental to the creep resistance of the
overall composite.
It was proposed to coat the stiff elastic reinforcement with a fugitive coating made
up of (a polymeric) material with a melting and evaporation temperature much lower than
the temperature at which the ceramic green body starts sintering [2.2.5]. Evaporated
polymer coating will leave gaps between the sintering matrix and the reinforcement to be
closed during sintering and associated with it shrinkage, thus producing a defect-free
composite by a so-called "shrink-fit" process. With the right choice of the polymer coating
thickness the process should result in a homogeneously fully dense ceramic bodies.
The experimental verification of this proposition was conducted on a model
composite, consisting of A120 3 matrix reinforced with SiC fibers.
The experience of this investigation and results of others [2.2.6] show that for
continuous fibers this method, while significantly improving the quality of the matrix, still
does not produce the desired high quality ceramic body.
2.2.2 Experimental Methods
The material used in this study was 99.99% pure ox- A120 3 (AKP 30, Sumitomo
Co. Ltd., Japan) with mean particle size of 0.3 ýtm. Two different kinds of fibers were
used: Saphickon® single crystal Al20 3 fibers, of about 140 [tm in diameter and 3M® SiC
SCS-6 fibers, of 120 [im diameter. The slurry was prepared by suspension of A120 3
powder in water (pH adjusted to 4 by addition of HNO3) for 24 hours in a glass container
with subsequent collection and use of only the middle part of the separated suspension.
Different kinds of fugitive coatings on fibers were tried.
Fibers were installed into the mold made out of Teflon, shown in Fig. 2.1, forming
a preform, into which the slurry was cast. The slurry was dried on a plaster of Paris board
for 24 hours, to form a "green" body. The final stage of drying took place at (65 - 75) OC
for 12-24 hours. Then the fugitive coating was burned away, leaving gaps to be filled
during matrix sintering and the associated shrinkage. Specimens were sintered at pre-
selected temperatures in the range between 1200 OC and 1500 OC for 2 to 4 hrs. in air.
After sintering the density of the processed composite was measured by
Archimedes' buoyancy method. Specimens were then cut, ground and polished, using
diamond polishing pastes up to a final one of 0.25 ,im. Polished specimens were
examined with a light microscopy and SEM.
2.2.3 Results and Discussion
The obtained specimens were found to attain 90 to 95% theoretical density after
sintering at 1400 OC for 2 hrs. Further increase in sintering temperature or in time of
sintering did not improve the density. The cross section of a specimen is shown in Figure
2.2a and the embedded SiC fiber is shown in Figure 2.2b.
The specimen was found to contain a network of cracks, connecting fibers.
Figures 2.3a and 2.3b show the skewed cross section of a SiC fiber. As can be seen in the
figures, the cracks emanate from the fibers. The strength of these specimen was
inadequate, with fracture taking place along these pre-existing cracks. Figure 2.4 shows
the well-adhered interface between the SiC fiber and Al20 3 matrix.
It was found that these cracks were formed during sintering, after the matrix
densified by closing up the gaps, left behind after the fugitive coating was removed. To
avoid the formation of cracks the thickness of the fugitive coating was increased, which led
to formation of wider gaps between the fiber and the matrix. These gaps were not filled in
by a shrinking A120 3 matrix and were found in the final sintered body, as is shown in
Figure 2.5.
Although Hot Isostatic Pressing (HIP) is known to improve the densification
processes [2.2.3], this route has not been taken, because the creep resistance of A12 0 3
single crystal fibers is very anisotropic: these fibers have a very low deformation resistance
in the direction along the basal plane (perpendicular to c-direction) and would have been
damaged in the process of HIPing.
2.2.4 Reaction Bonded Aluminum Oxide
The specimens used in the present study of mechanical properties were obtained by
oxidation of a green body containing 30% Al, 20% ZrO2 and the rest -- A120 3 [2.2.6].
Materials were processed in the Ceramics Laboratory of the Technical University of
Hamburg-Harburg. This material represents a significant improvement in the development
of Al20V A120 3 composite. The developed methods of simultaneous oxidation and
sintering enables processing of almost defect free ceramic matrix composites. The resulting
structure of the composite, although still not fully dense, was found of a higher quality than
the structure of a composite, produced by conventional methods. This structure will be
discussed in Chapter 5.
2.3 Fiber Coating
2.3.1 Introduction
As was mentioned in the Section 1.1, oxide-oxide composites require development
of new kinds of oxide coatings, which in turn calls for the development of new processing
ideas for a coating deposition.
One of the main requirements for the developed coatings is that it has to retain stable
properties, i.e. strength, fracture energy, elastic moduli, after prolonged exposure to a high
temperature environment. These mechanical properties depend directly on the coating
structure, which is characterized by crystallinity (or absence thereof), flaw population
parameters, pore size distribution and density, etc. Thus, the structure of the coating
should be stable under the working conditions of the composite as a whole as they were
stated in the Chapter 1, i.e. temperature in the range of up to 1600 "C, and exposure time in
the range of hundreds of hours.
At the same time it should be pointed out that the existing standard methods of
coating, such as sol-gel deposition, CVD and PVD, plasma spraying, etc., provide
coatings, which are not fully dense, and/or not fully crystallized, i. e. that are not in
equilibrium. Exposure to high temperatures triggers the processes, lowering free energy of
the structure, such as crystallization and/or sintering. Also, it may cause the release of
trapped gases, such as hydrogen from CVD SiC[2.3. 11. As a result, ceramic coatings tend
to shrink at high temperatures. If the coating is attached to a hard substrate, and, thus,
constrained, high tensile stresses can develop in the coating, promoting pore enlargement
and ultimately cracking [2.3.2, 2.3.3].
To illustrate the results of processes, mentioned above, an experiment with a SiC
coating on an A120 3 substrate was conducted. The coated specimen was heated up in the
vacuum chamber, under a pressure of 10.6 torr. To prevent oxidation of SiC, the residual
oxygen was bound by Ti chips.
Figure 2.3.1 shows the pattern of cracks in the CVD SiC coating after exposure to
1200 OC and associated with it sintering and shrinking. The coating in some spots is seen to
delaminate completely, an indication of the residual stresses that are present in the coating
and have not been relaxed completely by the cracking.
Figure 2.3.2 shows the crack pattern under higher magnification. It can be seen by
the size of the formed cracks and crack opening displacements that the coating has
undergone significant shrinkage, estimated to be about 6%. Deformation of this magnitude
cannot be sustained elastically, thus leading to the cracking of the coating, which renders
the coating useless. To overcome this difficulty and obtain a dense high quality coating a
new method was suggested and tested on Ti and Zr.
2.3.2 Experimental procedure
As a coating material metallic Zr and Ti were chosen which later oxidized into ZrO2 and
TiO 2, respectively. Optically polished flat single crystal A120 3 discs and single crystal
A120 3 [Advanced Crystal Products, Inc.] fibers were coated with Zr and Ti metal using
either electron beam assisted vapor deposition or sputtering to thicknesses of 1 lym, 2ýtm or
3p1m and were later oxidized in air at 1100 OC or 1600 1C. Although the deposition rates
produced by the electron beam assisted vapor deposition are small and typically in the range
of microns per hour, this method of deposition was chosen for its versatility and ability to
produce coatings of high integrity from most metals, as the studies were mostly exploratory
and chemical composition of the coating was one of the unknowns to be determined. The
coatings obtained with sputtering had a similar structure, showing that other methods of
coating deposition can be employed successfully, should the need arise for higher
deposition rates.
The substrate surfaces to be coated were carefully cleaned prior to the deposition
processes. The surface preparation included chemical and mechanical cleaning in an
ultrasonic bath of acetone and methanol, followed by etching in an oxygen plasma and
finally heating up the specimens to a temperature of 1200 OC. After these surface
preparation steps, ion beam assisted deposition was performed under a pressure of 10-6
torr with the substrates preheated to 300 OC, using standard Ti and Zr targets. The results
of these processes were high quality, well-adhered metallic layers of Ti and Zr.
Sputtering was chosen for deposition of coatings on fibrous substrates and was
made with dual opposed magnetrons operating at I kW power each. The three nominal
thicknesses of Ti coating were I tm, 2 pm and 3 .tm. The SEM micrographs of the
resulting metallic coating on a flat single crystal A120 3 substrate is shown in Figure 2.3.3
and on a cross section of a single crystal A120 3 fiber at four different levels of magnification
is shown in Figs. 2.3.4a. Figure 2.3.4b shows the method of measurement of the
thickness of the spattered Ti coating using scanning optical microscope.
The oxidation was performed as follows. The A120 3 substrates bearing Ti and Zr
coating were put into a controlled atmosphere furnace. The furnace was first evacuated to a
pressure of 10-6 torr. Then the temperature was slowly raised to the controlled level
between 900 and 1100 OC. At this point pressure was slowly raised and oxygen was
allowed into the furnace and oxidation took place at these elevated temperatures above 900
OC(see Figure 2.3.5), to form continuous well-adhered coatings on the A120 3 substrates.
The reasons for this will be discussed in more detail in the following section.
2.3.3 Results and Discussion
The structures of the obtained TiO 2 and ZrO2 coatings on flat substrates formed by
electron beam assisted vapor deposition of metallic Ti and Zr, followed by oxidation at
1100 OC in air, are shown in Figures 2.3.6 and 2.3.7. The resulting TiO2 coating on
fibrous substrates is shown in Figures 2.3.8(a), and 2.3.8(b) at two different levels of
magnification.
It should be pointed out here that metals during the process of oxidation undergo
significant volumetric increases. The exact numerical values of these volumetric increases
depend on the ratio of densities of the metal and its oxide and is about 28% for Al oxidized
into A1203, 49% for Zr oxidized into ZrO2 and 43% for Ti oxidized into TiO 2. The
volumetric changes of this order cannot be accommodated by elastic deformations. High
compressive stresses are generated in the coating during oxidation. These will cause the
coating to buckle and delaminate from the substrate by blistering.
The process of buckling of a coating under the compressive residual stress in the
case when coatings do not deform plastically is described in [2.3.4] and examples of
application to buckled coatings are shown in [2.3.5].
Let us find a critical (elastic) residual deformation CR, in the coating, that causes the
latter to blister, and compare its magnitude with the aforementioned magnitudes of
deformations caused by the oxidation process.
Let us denote the magnitude of residual stresses in a continuous untracked coating
by o(. Then, during the fracture along the coating-substrate interface and subsequent
coating buckling, the elastic energy release rate per unit area AU is given by [2.3.4]:
h(1- v)2 (o ,)2AU E2 E (2.3.1)
where: h is the thickness of the coating;
Vand E are the Poisson's ratio and Young's modulus respectively of the coating;
C, is the critical stress in the coating, resulting in the buckling of a free standing
coating; CF, is given by the expression:
I  7 2 E (h
S12(1 - v2) b (2.3.2)
where b is a characteristic dimension of the coating [2.3.41.
In the present work, h = lym, while b -lmm, thus providing an order of
magnitude estimate for a, as C, = E -10' . As we are interested in a critical deformation
ECR much larger than 10-6, the stresses in the coating "0 are much larger than "1. Thus in
equ. (2.3.1) , 1can be neglected compare to a 0. The critical energy release rate AU,
corresponding to the critical deformation ECR ,can be expressed as:
h(-v) vAUCR - E CR. (2.3.3)
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The condition for the blistering of the coating then will be:
AU-= E.() (2.3.4)
where: F. is the average interfacial separation energy, that could depend on the mixture of
modes K, and K,, at the tip of a delaminating blister. The degree of mode-mixedness is
designated by a phase angle 0.
The condition (2.3.4) provides the following expression for CCR:
2 .(8)ER - ) (2.3.5)Eh(1 - v')
Substituting typical values E = 100 GPa, h = 10-6 m, and F = 5 J/m 2, the latter being a
typical value for a cleavage like separation between Si substrate and SiC coating [2.3.6],
the typical value of eCR was found to be about 10-2. This value is much lower than the
aforementioned strains developed during the oxidation. This deformation ECR will generate
the stresses aCR in the coating 0 CR =10-2E.
In the physical experiments, stresses will quickly reach this point, and the coating
will start buckling much earlier than the complete oxidation of the metallic film takes place,
and this was observed in our prior experiments. To prevent this from happening, it was
suggested to begin oxidizing the coatings at elevated temperatures, when the plastic
resistance (flow stress) of pure metals Ti and Zr is lower than the ocR. During the
oxidation of the metallic coatings in the temperature range where the creep resistance of
metals is very low, the volumetric changes are accommodated inelasticaly by flow of the
metallic part of the coating being oxidized.
The final structure of the oxide coatings was influenced by the flux of oxygen
cations inside the coating and the flux of metal anions directed toward the surface of the
coating being formed. It can be seen from the micrographs of the coatings (Figs. 2.3.6 and
2.3.7), that the Zr coating oxidizes to form a continuous fully dense ZrO2 coating, while
the Ti forms a TiO 2 coatings which had a two-layer structure, with a layer of voids,
separating the two layers of the coating. The difference of behavior is a result of the
difference in the ratios of diffusivities between oxygen and the metallic cations in ZrO2 and
TiO 2. If the rate of diffusion of metallic anions in the oxidizing layer is higher than the rate
of diffusion of oxygen cations replacing them, this results in the formation of a layer of
voids during oxidation as in the case of the TiO 2 coating. If, on the other hand, the rate of
oxygen cation diffusion is higher than the rate of diffusion of metallic anions, as in the case
of the ZrO2 coatings, no voids are formed.
Thus, oxidation of Ti at elevated temperature produced a two-layer structure in the
TiO2 coating, the two layers being separated by a distinct layer of elongated voids. The
formation of this void layer was attributed to the generation and coalescence of Kirkendahl-
type voids in the Ti, caused by the diffusion of Ti cations toward the surface through the
already-formed TiO 2 [2.3.81. With increasing temperature, the rate of diffusion of Ti
cations toward the surface of the coating in the process of oxidation increases, making void
generation and coalescence more likely.
On the other hand the structure of the ZrO2 coating appears to be fully dense. The
coefficient of diffusion of oxygen anions in ZrO2 is much higher, than in TiO 2 [2.3.9].
Therefore, the oxidation of Zr into ZrO2 must have taken place on the boundary between
the oxide layer and the substrate metal and was fed mostly by the transport of oxygen
through the formed ZrO2 layer rather than by the transport of Zr cations out toward the
surface. Thus, the oxidation front between oxide and metal was assumed to be moving
inward. This caused the structure of ZrO2 coatings to be quite different [2.3.9, 2.3.10].
After oxidation at 1100 oC, coatings were exposed to temperatures of 1600 OC for
periods of 4 to 24 hours in air. As a result of a prolonged exposure to 1600 OC, the
structure of TiO 2 coating coarsened. The coating formed relatively large flat grains, of
about 7 to 10 ptm in diameter with less than a micron thickness (see Figure 2.3.11).
At this stage some preliminary observations can be made with regard to the
adhesive strength between the coating and the substrate. As is shown in Figure 2.3.9,
ZrO2 forms a well-adhered coatings, where the toughness of the interface between the
coating and the A120 3 single crystal substrate is higher than the fracture toughness along of
one of the cleavage planes of A12 03. While the TiO 2 formed a well-adhered coating as well,
it easily fractured along the layer of voids, as evidenced by the Figure 2.3.10, thus
providing a desirable low toughness interface around fibers.
It is important to note that exposure to 1600 OC for 24 hrs. coarsened the structure
of TiO 2 coating and significantly decreased the strength of void layer, causing extensive
fracture along it (Fig. 2.3.10). The fact that the structure and the strength of the void layer
changes with temperature makes it possible to adjust this strength to a necessary level,
depending on the properties of the matrix and fibers, by a heat treatment of the coating after
oxidation, provided that the service temperatures will be sufficiently lower and will not
cause further changes in the coating structure.
The structure of the ZrO2 coating is shown in Figure 2.3.12. Zirconia does not wet
alumina and, as a consequence, minimizes its free energy by forming menisci, as shown in
the figure.
As mentioned above, thermodynamically it is more advantageous for TiO 2 to form
TiAl20 5 at temperatures above 1200 OC. As the inter-solubility of TiO 2 and A120 3 is
negligible, the formation of TiA120 5 is delayed. Although the process was found to be
relatively slow, so the TiO2 coating forms a clean layer on the surface of A120 3 (Figure
2.3.13), the formation of an initial seed of TiA120 5 leads to quick growth, as shown in
Figure 2.3.14a, b and c. The TiO2 coating was found to fracture transgranually, as shown
in Figure 2.3.15.
Chapter 3.
Laser spallation experiment
3.1. Introduction
The use of a spallation of a coating from a substrate, when the spallation is induced by a
laser pulse generated pressure shock, is proving to be a very precise technique to
determine the bond strength of a bimaterial interface formed by the substrate and the
coating. With shock waves it is possible to apply a broad tensile pulse capable of causing
simultaneous planar separation rather than nucleating and/or propagating cracks. Use of
a laser beam to generate such shock waves and to produce spallation has been suggested
by a number of investigators, and has been developed as a definitive method for
measuring tensile strength in recent years [3.1 - 3.7].
A laser provides an efficient means of generating a well-defined pressure pulse of
short duration and relatively high intensity. The pressure impulses generated with this
method generally are of a duration that is approximately equal to the duration of a laser
pulse, i.e., of order of 1 ns, which makes them particularly convenient for probing the
adhesive strength of an interface between a substrate and a thin coating.
Development of fiber reinforced composite materials utilizing coated fibers has
stimulated strong interest in the determination of interfacial adhesion between a thin film
and a substrate. The mechanical properties of a fibrous composite material, such as their
strength, overall work of fracture and creep resistance are governed by the conditions of
the fiber - matrix interfaces [3.8, 3.9]. A sophisticated approach is to control the
properties of these interfaces through tailoring the mechanical properties of the
38
coating(s), deposited on fiber surfaces prior to incorporating them into the matrix. In the
present study the simulation of laser spallation experiment was conducted, and the laser
spallation technique has been used to determine the tensile strength of the interfaces
between (0.5 .. 2.0) ýtm thick special oxide ceramic coatings and the A12 0 3 single crystal
substrate. A new mathematical model of the processes involved in the technique has
been developed based on a new strategy for the use of the laser spallation experiment. In
the framework of the new mathematical model, the ranges of applicability of a prior
simple one-dimensional model were determined. The experiments were conducted under
the conditions of applicability of this one-dimensional model, and an accurate
interpretation of the measurements was afforded through the use of the developed model.
A particular set of experiments, conducted on newly developed oxide coatings of ZrO2
and TiO2 , deposited on A120 3 substrate, is reported in Chapter 4. The modified method
was also applied to other pairs of coating and substrate materials.
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3.2. Experimental Strategy
The experimental methodology used in the present series of laser spallation
measurements represents a further development of the experimental arrangement reported
previously [3.2, 3.111.
The experimental setup, as described previously, consists of a laser, condensing
lens and the sandwiched specimen held in a special holder. A sketch of this holder
containing the specimen is shown in Figure 3. 1.
The specimen consists of a flat substrate, covered with a thin coating forming the
bimaterial interface to be investigated. The other side of the substrate is coated with an
energy absorbing layer of appropriate thickness that converts the laser light pulse into a
pressure pulse. In the experiments conducted in the present study the substrate consisted
of optically polished single crystal A 1203 wafers, while the coatings were thin
TiO 2 and Zr02 layers, obtained by controlling oxidation of thin metallic coatings, and
the energy absorbing layer was a metallic Sn coating. In addition, other energy absorbing
layers of Al and Au were also tried. The energy absorbing layer in the typical
experimental arrangement is sandwiched-in by an optical grade fused quartz plate,
transparent to the wavelength of the laser beam that is used to generate the pressure pulse.
The set of experiments reported here was conducted using a Spectra-Physics
DSR-3 Nd:YAG laser operating in the Q-switched mode with a temporal pulse width of
about 2.5 ns**. The temporal profile of the beam of this laser was similar to the one
shown in Figure 3. 2 [3.19]. The spatial energy distribution in the laser beam was nearly
of a Gaussian shape. This laser was capable of generating light with a wavelength of
1064 nm, and the quartz plate is transparent to light of this wavelength. The energy of the
** As the previous studies [2, 11], the present experiments were also conducted in the George Harrison
National Laser Laboratory at MIT.
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laser beam and the illuminated area of the energy absorbing coating were varied in the
experiments in order to produce different levels of laser irradiance.
Under typical experimental conditions, the pulsed laser beam with the nominal
diameter of 12 mm was focused by the condenser lens to an average diameter of about
1.6 mm on the energy absorbing coating deposited on one of two float surfaces of the
substrate. The nominal substrate thickness was 0.5 mm. As will be shown later, in laser
spallation experiments conducted with this ratio of the beam diameter to the substrate
thickness, the generated elastic wave can be considered to be propagating as a one-
dimensional wave over the central portion of the spot exposed to the illumination. In the
experiments reported in the present study, the energy of a single laser pulse was about 1J,
and the duration was 2.5 to 3 ns.
As the pulsed laser beam strikes the specimen, the laser beam energy is partially
reflected and partially absorbed by the energy absorbing metallic layer, which leads to the
explosion-like expansion of the metallic layer. A typical resulting crater on the surface of
an energy absorbing Au coating is shown in Figures 3. 3a and 3.3b. As can be seen from
Figure 3. 3a, a significant part of the Au layer was evaporated by the laser beam and later
condensed in the shape of spherical droplets. Also a pattern of shallow surface cracks on
the surface of a polished single crystal A1203 wafer is readily observable in Figure 3.
3b. A more detailed description of a quite complicated set of processes taking place
during the interaction of a laser beam with a metallic coating has been given by von
Allmen [3.141, who also provides a rather extensive bibliography on this subject,
including a number of mathematical simulations of these processes as well as
experimental studies.
The rapid expansion of the confined energy absorbing layer, followed by its
immediate collapse, generates a well defined, short duration elastic compression shock
wave, propagating towards the coating under investigation. Upon reflection from the free
surface the compressive elastic shock wave reverses sign, becomes tensile and probes the
interface between the coating and the substrate in tension.
In the present experiments the specific functional dependence between the laser
beam energy and amplitude of a generated pressure pulse was established. A threshold
laser fluence level that caused the coating to spall off was recorded, and the
corresponding amplitude of the pressure pulse generated in the substrate was introduced
into the computer simulation described below. The computer simulation then provided
the stress-time history applied to the interface between substrate and coating that caused
planar fracture along the interface.
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3.3. Pressure Pulse Generation
In our preliminary experiments the shape and the amplitude of the laser-beam-
generated pressure pulses were measured experimentally for Au, Al and Sn energy
absorbing metallic coatings. On the basis of the analysis of the obtained pressure pulses,
the Sn coating was selected, and all subsequent experiments were conducted using this
coating. For a discussion and comparison of different materials for energy absorbing
coatings see 13.13].
Experimental measurements of the resulting pressure pulses produced by the
laser beam were conducted for different levels of laser irradiance. The measured
dependence of the amplitude of the pressure pulse on the laser irradiance is shown in
Figure 3. 4. An example of the recorded shape of the pressure pulse is shown in Figure 3.
19a.
The resulting stress history experienced by the energy absorbing interface was
recorded by using a piezoelectric transducer in place of the specimen [3.5, 3.13], using
the fixture similar to the design suggested by Gupta et al. [3.2]. The 2 mm thick wafer
made out of piezoelectric X-cut quartz was installed into the specimen holder. One of
flat surfaces of the quartz wafer was coated with the energy-absorbing Sn layer. The
laser beam, concentrated by the condensing lens, was directed onto this surface. The
stress applied to the piezo-electric crystal generates charge displacement, which was
measured by a high speed digitizer. A detailed description of the present technique used
in the measurement of parameters of the laser beam generated pressure pulses is given in
Appendix 1.
Through the above mentioned set of experiments it was concluded that the shape
of the pressure pulses was independent of the laser fluence. The amplitude of the pulse,
on the other hand, showed the expected strong dependence on the laser fluence, which is
in agreement with the results obtained by other investigators [3.20].
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3.4. Elastic Wave Propagation. Problem Statement
In the laser spallation experiment, the energy of a laser beam is partially converted into
the energy of a pressure pulse as a result of a series of complex processes at the energy
absorbing coating and its interaction with the substrate, which are of no interest here. As
should be intuitively clear, a short duration pressure pulse applied to the surface of a half
space over a circular area will be projected forward into the medium and becomes
gradually dispersed laterally from its borders, with increasing distance of penetration.
While such lateral dispersion occurs, the pressure wave retains a simple planar character
in the central region over a characteristic distance of penetration, which scales with the
radius of the initial illuminated spot. Thus, to determine the limits in the specimen
thickness inside which the propagating elastic wave may be considered one-dimensional,
it was decided to carry out a special analysis of the problem. It is instructive to note here
that numerical procedures that employ discretization of the space such as finite elements,
etc. should be used with great caution, since they may result in spurious internal
scattering of no physical significance, as we discuss further below in Section 3.7.
It is well known [3.34, 3.35] that a one-dimensional elastic wave generated by a
pressure pulse with temporal profile, given by:
P= Po* f(t), (1)
will propagate as:
zC(z,t)= -Po* f(t z) (2)
where Po is the amplitude of the pressure pulse imposed on the surface and f(...) is a
function of time (the same in (2) as in (1)). This function f(...) usually is given as a
boundary condition at the origin of wave propagation.
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The important feature to note here is that the shape of the stress pulse does not
alter as it propagates through a non-dispersive and non-dissipative (elastic) medium.
This suggested the approach that was taken, i.e. to solve a three-dimensional wave
propagation problem for a pressure pulse of a known simple shape propagating into an
elastic half-space to find the conditions (penetration depth) under which the shape of the
pulse in the central region remains unchanged. Clearly, within these bounds a one-
dimensional approximation to the real wave propagation problem should be valid and can
be used for distances of penetration less than the critical one.
Since the problem of elastic wave propagation is linear, to find the stresses
generated in the substrate during the propagation of an arbitrary pressure pulse, it is
sufficient to expand the temporal profile of the pulse into Fourier components and
analyze in detail the propagation of only a single component.
In the Fourier expansion of the temporal shape of the pressure pulse a family of
Walsh functions were used [3.30] as basic elements of analysis. As is known, the Walsh
functions form a complete orthogonal set of functions for Hilbert space [3.30, 3.31] and
can be used similar to the sinusoidal basis functions of the usual Fourier analysis.
Propagation of one of the Walsh functions (namely 0.5(cal(1, 0) +1.0), as it is called in
mathematical literature) was monitored.
From geometrical considerations the distribution of the absorbed laser beam
energy is taken as symmetric about the axis of the beam. In the present model the elastic
half space was considered homogeneous, non-dispersive and isotropic with elastic
properties given by the pair of Lame constants (X, t), and having a density p. Thus, the
propagating elastic wave has an axial symmetry as well. Therefore, the elastic half-space
was considered to be loaded by a compressive pressure pulse with amplitude P = 1.0,
uniformly distributed over a circular area of radius A. Spatial distribution of the imposed
load is shown in Figure 3. 5a, while the time dependence of the pressure pulse is shown
in Figure 3. 5b. This time dependence can be considered as either a difference between
two Heaviside step functions H(0) - H(tO) for tO = 0.2(A/c), or as a Walsh function
0.5(cal(1, 0) +1.0).
Since the wave propagation problem is axisymmetric, we introduce cylindrical
coordinates (r, z, 0 ) with the z-axis aligned parallel with the axis of the laser beam. We
let u and w be the radial and axial components of displacements correspondingly, and let
o,, oy,,, oY. and o, be the components of the associated stress tensor. Following [3.24]
we introduce a non-dimensional space-time variable I defined as:
t tc
-A (3)fAC A
where "c" is the velocity of P-waves in the solid given by:
c = + 2, (4)
P
where: 2 , / are Lame constants and p is the density of the solid.
The only length scale in the problem is the radius A of the initially irradiated area,
which is taken as the unit of length, and the corresponding time scale is given by the ratio
(A/c), which is taken as the unit of time. Thus in what follows, all the linear dimensions
are expressed in terms of A and all the time intervals are measured in terms of (A/c).
In the absence of body forces the two equations of motion are (written using just
introduced convention):
_ crr + + rr -C 2
+ + Cyrz +•(5a, 5b)
dr dz r d+2)tdr dz r dz 2
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The boundary conditions are given by a normal pressure pulse of a unit amplitude
PO = 1, applied at the time t = 0 to the points on the surface of the elastic half-space lying
inside the circle of radius A, and removed at the time to = 0.2:
at z=0 ,
where: p = Po, for
Orz= 0,
r<A and 0 < t <tc0;
p = 0, for r > A for all times;
p=O for r<A
(6c)
for c > to.
To here is the duration of the pulse, taken to be 0.2.
The stress-strain relations for a homogeneous isotropic elastic solid are:
dw
,,rr = (A + 2pu) •dr
sdw
a, = dz
zrz
( z
U
+-;
r) (7a)
(7b)
u dw
+-- r
r dr)
dw2ýt dz~ (7c)
(7d)
The basic equations (5a, b) of the problem were solved by Eason's method [3.24]
using the Laplace-Hankel transform defined by:
S(z, f, = 0rf (r, z, z)I, (kr)e Tdrdr (8)
where:./,k ( r) is a Bessel function of the first kind of order k of an argument ýr;
ý and ý are independent dimensionless variables in the transformed space.
47
(6a)
(6b)
Ozz= -p(r, "),
+U)+2 u
r r
Bessel functions of zero and second order of the first kind were used to find transforms
arr, zz e5 r and ii' of functions arr, 2zz, o00 and w respectively; Bessel functions of
first order were used to transform u and arz to obtain u and ,rz. After doing so and
expressing all variables in terms of displacements u and w we obtain the differential
equations for the transformed displacement components u and w .
These equations were solved to yield the expressions for the transformed
components of displacement:
u=De-niz + !2Be-n2z, (9a)
S
w=QIDe-niz +Ben 2Z, (9b)
S
where: n1 = M24 '2 , andn 2 -= 2- •
The transformed boundary conditions at z=0 were substituted:
, = J ()(1 - e (10)
and the inversion theorem for Laplace-Hankel transform was applied. After taking the
integrals using the Cagniard technique [3.281, the following expressions for the
displacements were found [3.241 :
wpL u K
=.  I, + 12+13 + (1la)
Po 2(A + 1) GH
up + 6 + 7 +1 (1 lb)
PO 2(A +L) GH2
where: H, K, G and L are constants involving combinations of the elastic constants of
the medium. Their numerical values depend on the elastic properties of the medium and
are given in Appendix 2.
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The functions II, 12, 13, 14, 15, 16, 17 and 18 of time and space include definite
integrals with infinite limits, involving exponential, trigonometric and Bessel functions.
Their expressions are given in Appendix 3.
The integrals involved in the functions II, 12, 13, 14, 15, 16, 17 and 18 were
expressed in terms of complete elliptic integrals of first, second and third kind, following
Eason at al.[3.33]. The obtained expressions involving integrals of elliptic functions,
were determined numerically [3.37] . The results depicting the stress distributions in the
propagating elastic wave are shown in Figures. 3.6 to 3.17 for times ranging from t = 0.2
to r = 2.8.
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3.5. Elastic Wave Propagation: Numerical Results
Figures 3.6 to 3.17 show the principal results of the simulation of the computed
elastic wave propagating inside the half-space and display the evolution of the wave
shape with time and depth of penetration. The dependent variable a,(r,z,t) normalized
with respect to the initial pressure pulse Po is plotted as a function of two independent
variables: radius r and depth z , at different times . The ratio of (c(r z,) ) ranges
between 0 and I and provides direct indication of how the amplitude of the stress
component in the elastic wave becomes attenuated and the initial shape of the wave
becomes distorted with time and penetration distance into the half-space. As the plots are
three-dimensional, they are shown from two different perspectives separated by 600 for
better visualization.
Figures 3.6a and 3.6b show the distribution of stresses at the time I = 0.2, when the
external load was just removed from the boundary z=0 of the elastic half-space (cf.
Figure 3. 5b). As can be seen in Figure 3. 6, at this moment the wave starts propagating
as a plane wave. In 3-dimensional (r, z, 0) space, along each line of r = constant, the
wave shape is given by:
(fzz(r, z,r) }r-const,r=0.2
and it repeats the shape of the pressure pulse P, shown in Figure 3. 5b everywhere in the
area r< 1.0, except at the periphery of the illuminated circle with coordinates r = 1.0, z =
0. The loading has a discontinuity along this edge and the stresses have a singularity.
While the mathematical model can handle this discontinuity, the numerical tabulation of
the model loses precision at these points. Although it is possible to improve the precision
of the computations at such points, this was not considered to be necessary, since the
discontinuity in the loading is caused by the artificial shape of the sharply defined
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pressure pulse and would not be of a concern in the actual experiment where the edge
displacements must smoothly, albeit steeply decline to zero.
The main feature to be pointed out here is that the wave propagates exactly as a
one-dimensional longitudinal strain wave in the central region (in the sense that the
resulting stress distribution is analogous to the one produced by a one-dimensional
wave). As will be shown below, this continues to be the case (for the central part of the
wave) for times t less than 1.0, i. e. for a depth of penetration D about equal the radius A
of initially illuminated circular region on the surface of the half-space.
The resulting stress distribution at time t=0.3 is shown in Figures. 3.7a and 3.7b.
As can be seen from a comparison with Figure 3. 6, the wave has now propagated exactly
a distance z = 0.1 inside the medium, consistent with the speed of propagation c.
Although the wave starts losing its shape near the edge at r = 1.0, the central region of the
wave retains its shape and amplitude.
The stress distribution at time t=0.4 is shown in Figures. 3.8a and 3.8b when the
wave has propagated a distance z = 0.2 into the medium. The early stage of the
formation of a Raleigh surface wave can be noticed at the surface along the circular
periphery at r = 1.0, z = 0.
Further alteration of the stress distribution at time t=0.6 is shown in Figures. 3.9a
and 3.9b, where the wave has now propagated a distance of 0.4 into the medium. The
Raleigh wave, initiated earlier can be noticed now propagating along the front surface at
z=0. Although the peripheral parts of the wave have been distorted from the initial shape,
the central part remains of a constant shape and amplitude.
The progressive alterations of the stress distributions with increasing time t,
increasing in steps of 0.2 are shown in Figures 3.6 to 3.17, (a) and (b). The figures show
clearly how the stress distribution propagates by 'fraying' at the periphery into the radial
direction and how this fraying progressively propagates toward the center with increasing
depth of penetration. The propagation of the Rayleigh wave along the surface at z = 0 is
also shown clearly.
It is important to note that even at time t = 2.8, i. e. when the wave has reached a
depth of z = 2.8, the central part of the wave is still not distorted, and the amplitude of the
central part remains unaffected and equal to the amplitude of the initial pressure pulse, i.
e. the ratio (( P )remains equal to unity.
The central part of the axially symmetrical wave is of particular interest in the
modeling of elastic wave propagation, as it is the location where the magnitude is the
highest and where spallation occurs in experiments. Present simulation shows that in the
central region there is no geometrical attenuation. This condition is maintained over a
penetrating depth of more than two radii A of the initially illuminated circle. In the
current spallation experiments where the adhesive strength between coatings and
substrates was measured and for which the present simulation has been carried out to
validate an earlier one-dimensional simulation of Gupta at al [3.2], the ratio of substrate
thickness Z to the illuminated spot radius A ranged typically between 0.5 and 0.65, i. e.:
Z
0.5 < - < 0.65.
A
The present simulation also demonstrates that the experimental results reported
Z
earlier by Gupta at al [3.2], where the - ratios ranged between 0.12 to 2.0 were allA
unaffected by geometrical attenuation in the central region from which the information
was collected.
The bounds of applicability of a one-dimensional wave propagation model based
on the information provided here is mostly a question of computational error tolerance.
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If the ratio of the thickness of the substrate Z to the illuminated spot radius A, ( , is
conservatively chosen to be less than unity, a one-dimensional character for the
penetration of the central part will be assured over a radius of r = 0.5, as is clear from
Figure 3.11. This range is optimum and was adopted in the present experimental
program. Under these conditions, the interpretation of the experimental results suffers
from no ambiguity. In particular, the processes of transmission and reflection of the
elastic wave from the bimaterial interface formed by a coating and a substrate, and the
reflection from a free surface may be mathematically described as a series of reflections
of one-dimensional waves, as will be discussed in Section 6 below.
3.6. Stress-Time History On Interfaces Between Coatings And Substrates.
As stated in the introduction the interest in the present simulation was for the
purpose of developing a reliable tool for measuring adhesive strength between thin
coatings and substrates in non-dissipative media. Thus, the stress-time history across the
bimaterial interface between substrate and coating is of primary interest.
As the propagating elastic wave reaches the substrate-coating interface, it will be
partially reflected and partially transmitted into the coating. Then the wave reaches the
free surface, reflects from it and undergoes multiple reflections inside the coating, while
the stress across the interface rises and then progressively becomes attenuated as more of
the energy is transmitted into the substrate. For cases of dissimilar elastic constants of
the substrate and the coating with no inelastic dissipation, the contributions from multiple
reflections form a geometric series. A superposition of these contributions determines
time rate of evolution of the net stress acting across the interface between the substrate
and the coating.
Thus, the stress history across the interface is produced by a superposition of an
infinite number of incident and reflected waves [3.36]. To accomplish this superposition,
a process of reflection and attenuation of an infinite harmonic elastic wave oi(R, r)
incident onto the bimaterial interface is considered. On the basis of the simulation
discussed in Section 5, and recommendations made there, regarding geometric ratios of
the substrate thickness to the radius of illuminated area (i. e., < 1.0), for the purpose
of modeling of transmission and reflection the elastic waves can be considered as one-
dimensional, propagating normal to the interface. Introducing a new coordinate system
with its origin coinciding with the bimaterial interface and its positive direction OX,
perpendicular to the interface, the incident elastic wave ao(x,t) will be given by:
o'j(x,t) = A exp -i - + kcIc1 (13)
(_ C1
where: cl is the speed of a P-wave in medium 1 (substrate), and kl is the wave number.
Figure 3.18 gives a graphical illustration of this process of reflection and
attenuation of the elastic waves and shows the initial infinite harmonic elastic wave
oU(x,t) incident onto the bimaterial interface in this planar model.
The time-varying character of the signal is represented by the usual complex
notation. The axis OX is taken parallel to the direction of the incoming wave propagating
perpendicular to the bimaterial interface. The wave number ki is defined by:
k -c o ,  (14)
cl
where the 0) is the radial frequency of the wave.
The bimaterial interface in Figure 3. 18 separates the two elastic media,
representing the substrate and the coating. Properties of the substrate and the coating are
characterized by their Lame constants and densities, where Al, Yi1, P1 are the
appropriate values of Lame constants and density for the substrate, while A2, Y2, P2 are
those for the coating, which is taken to be of thickness 1.
The coefficient of transmission of elastic waves through the substrate-coating
interface is gT:
4T 2 P2cL, 2 (15)
P2CL, 2 + PICL, 1
We introduce two coefficients of reflection of elastic waves: IR 1 and 'R2, defined as:
4R1 = PlCL, I - P2CL, 2 R2 = - (16a, b)
P2CL, 2 + PICL, 1
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These coefficients characterize the reflection from the substrate-coating interface and the
free surface respectively (see Figure 3. 18). As interface 2 is a free boundary, 4R2 = -1.
CL, 1 and CL, 2 are longitudinal wave speeds in the substrate and the coating given by:
2 _i + 2_ i (17)
CL,t- (17)
It should be noted, that if the elastic constants of the substrate and the coating are
numerically close, almost all elastic wave energy is transmitted back through this
interface (the amplitude of the reflected wave 02 is very small, see Figure 3. 18), and the
elastic reflections of higher orders can be neglected, as was done in [3.13].
Thus, the incident wave 9i is partially transmitted into the coating through the
interface 1 with the coefficient of transmission 'T, and partially reflected (Figure 3. 18).
The transmitted part O0 is given by:
-iF-2+t k2c2
o = ýrPoe (18)
where Pois the amplitude of the incoming one-dimensional pressure wave, and k, = -
C2
The elastic wave gO propagates forward inside the coating and is reflected from
the free surface (interface 2) with the coefficient of reflection of 4R2, forming the wave
"1•
2ik 2 1 -iX+t k2c2
R, = RR2TPoe 2e (19)
If the absolute value of R2 is less than 1, a part of the energy is transmitted through the
interface 2. Wave a 1 is propagating in the direction (-x), opposite to the direction of
propagation of the initial wave ri and C0o, and its phase is delayed by (21/c2). When this
wave, ( 1 , reaches the interface 1 between the coating and the substrate, it is transmitted
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partially into the substrate and is partially reflected back into the coating with a
coefficient of reflection 4R 1, forming the wave 72 :
-i
- 
L+t k2c2
02 = ýRImR 2ýTPOe e 2  (20)
The wave C2 propagates in the same direction as the wave "0. It reflects from the
interface 2, forming the wave C3:
4ik21 -i +tk 2 c2
03 = RI R2 TPOe e 2 (21)
propagating in the direction, opposite to that of the initial wave yi , and its phase is
delayed further by the (21/c2) compared to the wave 02. As should be clear, the
processes of multiple reflection and loss of energy through the reflection of waves back
into medium 1 will continue, and leads to a generic recursion relation of:
on+2=Un4R1R2 e2 ik2l. (22)
The net stress Unet, acting across the boundary is obtained by superposition of all the
elastic waves aUn , thus giving:
n=0
n=0 (23)
While the number of the terms in the sum is infinite, when grouped in pairs the
sum forms a geometric progression with the first term g0 and geometric ratio B:
B = R2e 2ik21  (24)
B= ýRIýUe (24)
Thus the ratio of the stresses generated inside the coating, to the stress in the incident
wave is:
S 1+ Re 2i(- x)k2
G0 1T + Rie 2ilk (25)
oi 1 - RlR 2 e 2
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This ratio is a function of the position (coordinate x ) and the ratio of the elastic
constants of the coating and the substrate.
Finally the net stress acting across the substrate-coating interface (x = 0), in units
of the stress amplitude of the incoming wave becomes:
rnet =ýT 1-e2 ilk2
a" 1+R 1 e2ilk2
This expression gives the "transformation ratio" between the incident stresses and
the stresses on the substrate-coating bilateral interface as a function of the wave numbers
k2 or radial frequencies (0 of the incident waves and transmission and reflection
coefficients.
The typical initial temporal profile of a laser generated pressure pulse, which was
measured by a piezo-electric transducer as described in the Section 3, is shown in Figure
3. 19a. Considering the findings stated in Section 4, we conducted experiments in the
present study on specimens with typical substrate thickness to laser beam radius ratio of
Z/ = 0.63(Z = 0.5 mm and A = 0.8 mm). Thus, the elastic wave is transmitted through
the specimen without distortion in its shape in the central region of interest. Assuming
that there was no inelastic dissipation or dispersion we conclude that the temporal profile
of the incident wave just before the bimaterial boundary is reached is identical to the
temporal profile of the initially generated pressure pulse. This initial temporal profile was
taken as that of the incident elastic wave, and was expanded using the Fast Fourier
Transform (FFT) method. The obtained spectrum is shown on Figure 3. 19b in the
frequency domain. The spectrum is symmetric because of aliasing. The resulting stress
history on the bimaterial interface, obtained by applying the above transformation ratio
and taking the inverse FFT was found to be dependent on the coating thickness and on
the elastic constants of the coating and substrate, as could be expected. Figure 3.20a
shows the results for the case when the coating and substrate have identical elastic
properties. Figures 3.20b and 3.20c show in turn the results for TiO 2 and ZrO2
coatings on Al203 substrate respectively. Figures 3.21a and 3.21b show a resulting
stress amplitude on an interface between a C coating and a Si substrate as a function of
the coating thickness for two different ranges of coating thicknesses. It is noteworthy
that while the stresses on the interface grow almost linearly in the range of small coating
thicknesses (Figure 3. 21a), they reach an asymptotic value, corresponding to the coating
thickness sufficient to contain the whole pressure pulse.
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3.7. Conclusions
The combination of theoretical analysis and experimental measurements with a
laser spallation experiment provides a reliable functional dependence between the energy
of a laser pulse and stresses generated across bimaterial interfaces, provided the media of
interest has negligible inelastic dissipation and other forms of dispersion. During the
subsequent measurements of the adhesion between a coating and a substrate the energy of
a laser beam is varied in controlled manner up to a point when the stresses acting across
the bimaterial interface produce a spallation of the coating, thus determining the level of
tensile strength of the substrate-coating interfaces.
Laser spallation experiments, making use of the results of the present work, were
conducted on new coating and substrate materials mentioned above and described in
detail elsewhere [3.13, 3.38]. In these experiments specimens were probed using laser
beams of an increasing energy. In each experiment the threshold laser beam energy level
causing the coating to spall was recorded. These energy levels were converted into
corresponding stresses using the results of the newly developed simulation. These
stresses determined the strength of the bond on bimaterial interface.
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APPENDIX 1. Experiments With X-Cut Piezo-Electric Quartz Crystals
A laser beam, impinging on a thin energy absorbing metallic film deposited on an
elastic media, triggers a complex set of processes resulting in a partial conversion of a
laser beam energy into the elastic energy of a pressure pulse. The shape and the
amplitude of the pressure pulse generated by these processes were measured using special
piezo-electric quartz transducer.
This piezo-electric transducer, with its top and side views shown on Figures
3.A I a and 3.A I b, consisted of a flat wafer, made out of x-cut quartz crystal, with its two
opposite surfaces optically polished. One of the surfaces, which will be referred to as a
front surface, was coated with 1.0 p~m thick tin coating, used later in experiments as an
energy absorbing coating. As tin is a conductor, this tin coating also formed one of two
electrodes, attached to piezo-electric quartz crystal and used for an electric signal pick up.
The opposite surface of the x-cut quartz wafer, which will be referred to as a back
surface, was coated with a 0.1 ýtm thick gold coating, thus forming the second electrode.
It should be noted that the gold coating was used here exclusively for an electric signal
pick up and not for pressure pulse generation. Furthermore, the influence of the gold
coating on the processes of elastic wave propagation and reflection on the back surface of
the x-cut quartz wafer was considered to be negligible because of small thickness of the
gold coating and was neglected.
The tin coating was deposited by rf sputtering and the gold coating was deposited
by electron beam evaporation. During the gold deposition the crystal was masked so that
only the center 2.0 cm of the disk surface was coated.
These two coatings --tin on a front surface and gold on the back surface -- formed
two electrodes, designed to pick up electric current generated during the deformation of
the x-cut quartz wafer. Electric conductive wire was glued to the gold coating with a
silver-containing conductive epoxy (Tracon%o Tra-duct 2922), connecting a back surface
electrode to a BNC connector and further to a measuring device. In earlier designs, used
for the experiments, reported in [3.2], connection to the gold electrode was made by a
mechanical contact and was subsequently found to be a source of electrical noise in the
measurements.
The electrical connection between the laser absorbing film and the grounded case
of the fixture was enhanced using a silver containing paint to produce a line between the
edge of the x-cut quartz crystal and the fixture case across the optical quartz. The access
port arranged for this purpose is shown in the Figure 3. A 1, (b).
A Lecroy 1.2 GHz digitizer with a 50 ohm internal impedance was used to
measure the transient voltage induced by the pressure wave. It was connected to the
BNC outlet of the electrode assembly and, together with the back surface gold electrode
and conductive wire, completed the electric circuit.
Graham et al. [3.A3.1] have shown that if the time variant stresses are applied to
two opposite surfaces of an x-cut quartz crystal coated with a conductive metal and, thus,
transformed into electrodes, and if these electrodes are electrically connected by a short
circuit, than the instantaneous value of the electric current will be proportional to the
instantaneous stress intensity:
fAGo (A.1)fAU s
where I is the thickness of the crystal, A is the area of impact, Us is the wave propagation
velocity, and f is the piezo-electric polarization coefficient. Us and f are 5720 m/s and
2.15 x 10-12 C/m 2/Pa, respectively for x-cut quartz [3.A3.1].
The pressure wave measurement was made by focusing the laser to a nominal
diameter of 1.6 mm at the tin coating on a front surface. The beam intensity was
separately measured for a number of different levels on the unfocused beam with the
laser operating in a 10 Hz continuous pulse mode. Then for each level of the beam
intensity the laser was switched to the single pulse mode and the power meter was
62
removed from the beam path. A single laser pulse was fired onto the tin coating, while
the digitizer was simultaneously trigged by the laser. The digitizer recorded the transient
voltage signal. This information was stored, the digitizer's memory was reset, and the
procedure was repeated for the next level of beam intensity.
The voltage peak intensity was used to calculate the peak stress using equation
A.1.
ne
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(a) Side View
e
Silver paint visible through the layer of
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Figure 3.AI, (a) and (b). Schematic of electrode containing piezo-electric x-cut
quartz
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Appendix 2. Expressions For The Constants H, K, G And L In Terms Of Elastic
Constants Of The Elastic Medium.
For a material with Poisson ratio V = 0.25:
H 1 42(3- 73).
3
K= 1 -H 2
G = 2 ( +2)( 1 -
it
0.5( +2 H 2 L _ (+ 2 )KP K 9 L
L= 1- ( 1 )2 2
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Appendix 3. Expressions For The Integrals 1, 12, 13, 14, 15, 16, 17 And 18.
A2+2,u i Ahz+2p 1)P ::,+ hz( 1)
II= h
h
Jo(hr)Ji(hA)e-hz dh
(1 - 0.5+ 2 H2)e-Khz - eLhzlu
12 = dh[
[Jo(hr) Ji(hA)cos (MFfh)] ;
;Vy- 1
2
v((1 - 0.5(V+ 2ML)v2) +2 -
{ Jo(hr) Jl(hA)[(1 - 0.5+2 2 o (y h
I
+ .tY -
+V
(1 - 0.5( X+2  )y2) cos [(y't- y 2 - )h] -
II
cosz[(ytr+ +2l 1)h] - cos [(y- A+ 2 2 1)h] }
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In these expressions Jk(ý) is a Bessel function of the first kind of order k of argument 4
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Chapter 4.
Ambient Temperature Properties Of AI20 3-AI 20 3
Composite
4.1 Statistics of Fiber Tensile Strength
As the mechanical properties of the A120/A120 3 composite are determined to a
large degree by both strength of the reinforcing fibers and variability of their strength, the
strength distribution of the A1203 single crystal fibers was determined experimentally.
To this end A1203 single crystal fibers of various gauge lengths were tested in tension.
Strength distribution ofAl203 single crystal ceramic fibers, as in all brittle solids,
is expected to be governed by a distribution of critical flaws, which are usually assumed to
be distributed quasi-uniformly.
As the fibers used for specimen preparation were made under the same
manufacturing conditions and order in which the specimens were cut from the (longer)
fibers was randomized, the assumption of quasi-uniform distribution of flaws should be
satisfied.
When the distribution of fiber tensile strength is represented by a classical Weibull
model in which the probability of fracture F(a) in a fiber of length I at or below a stress a
in a large population of similar fibers is given by the Weibull weakest link hypothesis as:
F(o) = 1 - exp[- (U/,O)m (1/10)]. (6)
In this formula the exponent m is the so called Weibull modulus andoo is the average
population strength for fibers of length 1o, where the strength is based on a probability of
fracture of 0.63. As is pointed out in [4.1-11, this model results in a rather severe length
effect on fiber strength. For the purpose of describing the length effect better the
experimentally obtained fiber strength distributions are fitted by the introduction of a new
parameter a to give a new expression for the probability of fracture at a or less as:
F(o) = 1 - exp[- (Y/ao)m (1/10)a], (7)
where a is a parameter between 0 and 114.1-2, 4.1-31. Experimentally determined
numerical values of a were shown to be in this range, starting from near 0 for ultra high-
strength polyethylene fibers, 0.6 for Kevlar-49 fibers, 0.9 for carbon fibers and near 1 for
Hercules IM-6 carbon fibers 14.1-2, 4.1-41.
Taking the log transformation of the last equation and plotting on log-log coordinate, one
obtains:
(8)In ( -In [ 1- F(a) ] ) = m In (Y) - m In (YO) + a In (1/10).
Based on this representation a Weibull modulus m, scale factor o0 for a fiber length 10, and
a parameter ax can be calculated using linear regression.
The testing of A1203 single crystal fibers in the present study was performed on
fibers of three widely different gauge lengths: II = 4 mm, 12 = 20 mm and 13 = 100 mm, to
investigate the influence of the sample length on the strength. The experimental results are
plotted in Fig. 4.1 on Weibull coordinates. This figure shows the probability of fracture of
fibers as a function of an applied tensile stress on a log-log scale for each of the three
specimen gauge lengths. From this data the Weibull modulus m, the fiber length exponent
a and the scale factor 0o can be determined by a standard regression technique. The results
are presented in Table I.
As was expected, the fibers are very strong and the strength of some small
specimens is almost 4 GPa. As the Young's modulus of A120 3 is about 400 GPa, this
strength approaches the ideal strength of A120 3. At the same time the average Weibull
modulus of fibers is rather small, of the order of 3, which signals a fairly substantial
variability in the flaw sizes. Moreover, the length effect exponent ax was also found to be
significantly less than unity.
Examination of fracture surfaces of failed fibers showed that the flaws were not on
the lateral surfaces of the fibers but more in the volume and had the nature of entrapped low
angle boundaries. The example of fracture surface is shown in Figure 4.2.
The fact that the fiber strength distributions for different fiber lengths of 4 mm, 20
mm and 100 mm have the same Weibull modulus m , most probably suggests, that the
fracture stresses were governed by the same population of volumetric inhomogeneities over
the whole range of lengths [4.1-5].
4.2 Properties (Strength of adhesion and structure) of TiO2 and
ZrO, ceramic coatings
4.2.1 Strength of adhesion measurements and results
As stated in Chapter 1 of the present work, one of the main functions of a fiber
coating in a ceramic matrix composite is to provide a weakly bonded interface for fiber
delamination during the catastrophic fracture of the composite. The coating on the fibers in
the composite is supposed to protect the fibers from the crack, propagating in the plane
perpendicular to the fiber axis. Since TiO, and ZrO2 are considered as candidate materials
for coatings on Al203 fibers for A1203 / A 1203 composite, the strength of adhesion of these
coatings to the A1203 fibers is of foremost importance. To this end this interfacial strength
of adhesion was measured using laser spallation technique, as described in details in
Chapter 3 of the present study.
The strength of adhesion between the TiO2 and ZrO2 ceramic coatings and A12 0 3
substrate was measured across a plane bimaterial interface. Specimens in the shape of thin
discs were prepared for this set of experiments, and coatings were deposited onto flat
surfaces of these discs. The single crystal A120 3 fibers used in the A12 03 / A12 0 3 composite
are drawn in c-orientation, i.e. the c-axis of the crystal is parallel to the lateral surface of the
fiber to optimize their creep resistance (see Chapter 1 and Chapter 5 for further discussion
on the orientation and creep resistance of A12 0 3). To simulate this geometrical
arrangement, flat single crystal A120 3 discs with the c-axis laying in disc plane were cut out
of single crystal A120 3. The diameter of the A120 3 discs was 25.4 mm (1") and the
thickness of the discs was 0.5 mm (see Figure 4.3). The flat surfaces of the discs were
polished to an optical quality, and the discs were transparent. TiO 2 and ZrO 2 coatings were
formed on one of the two flat surfaces of this single crystal A12 03 substrate using methods
described in Chapter 2. This surface of the specimen, which forms the bi-material interface
of interest, will be referred to as a back surface of the specimen. During the deposition of
metallic Ti and Zr coatings, part of the specimen was masked, and the thickness of the
coatings was monitored with precision of +/- 10 nm by measuring the height of the formed
step (Figure 4.4). The specimens with coating thicknesses of 1, 2 and 3 [tm were
processed. After the subsequent oxidation the thickness of the coating would grow and
would be in the range of 1.6 to 4jtm.
Opposite (front) plane surfaces of the crystals were coated with an energy
absorbing metallic layer of Sn, with thickness of 0.5 to l gm as described in Chapter 3.
Obtained specimens were installed into the specimen holder and enclosed by a
transparent quartz cover. The laser was used in the pulsing mode of operation. The
pulsing laser beam was condensed by a lens and directed onto the front surface of the
specimen, where it initiated a series of pressure pulses. After each pulse the specimen was
rotated, so each pulse would strike a fresh location. An example of the locations of the
illuminated by a laser beam areas is shown in Figure 4.5, which represents a mask of a
blackened paper, used to measure and control the size of the illuminated spots. As can be
seen from Figure 4.5, the radius of the spots (which was denoted as A in simulations of
Chapter 3) is about 1.1 mm. Comparing this to the thickness of the A120 3 substrate (0.5
mm), we can conclude that the wave propagation in these specimens can be assumed planar
in the center part of the illuminated area, which assumption was made in the analysis of the
results of the experiment.
The energy of a single laser pulse was being changed continuously in a controlled
manner. After each laser pulse the ceramic coating on the back surface of a specimen was
evaluated, and finally the level of the laser pulse energy was reached which caused the
ceramic coating to spall. With the aid of the previously measured dependency of amplitude
of pressure pulse on laser beam energy (Figure 3.4), the critical pressure pulse amplitude in
each case was detected, from which the stresses acting across bi-material interface were
deduced.
Since the resulting stress response to a laser generated pressure pulse during the
laser spallation experiment depends on the elastic properties of the substrate and coating
and on the coating thickness, the resulting stress-time history for the TiO2 coating on a
Al203 substrate, for a coating thickness of 1.6 ptm, was found using the methodology,
described in Chapter 3. The resulting stress history across the interface between the
substrate and the coating is shown in Fig. 3.21,(b).
The results for the adhesive strength between the TiO2 and ZrO2 coatings and
single crystal A1203 substrate obtained by the outlined procedure are shown in Figs 4.6,
(a) and (b) respectively. The strength is plotted for two sets of processing parameters, i.e.
different temperatures of oxidation.
As was expected, the fracture of the Ti02 /A 1203 interface took place along the
layer of voids inside the Ti02 coating. The resulting spalled surface is shown in Fig.4.7.
It can be noted that the resulting strength of the bi-material interface was found to depend
on processing parameters (temperature of oxidation), which suggests the possibility to
adjust the strength of the adhesion as desired.
4.2.2 Nano-indentation of coatings
The obtained structures of TiO2 and ZrO2 coatings were probed by nano-indentation
experiments which have measured both the mechanical properties of the coating and their
state of adhesion to the substrate. The load-displacement results of these experiments are
presented in Figs. 4-8, (a) and (b). The load-displacement curve for the formed ZrO2
coating (Fig. 4-8, (a)) has the appearance of a normal indentation curve of a fully dense
material. It has a linear unloading region from which the indentation modulus ( E)
1- v 2
was determined to be (151+29) GPa.
The indentation curve for the formed TiO2 coating of Fig. 4-8 , (b) is typical for
porous material. Discontinuities in the curve were caused by the spalling of the coating
beneath the indentor.
4.2.3 Investigation of diffusional stability of TiO 2 and ZrO2
coatings
A120/A120 3 composite is being designed for a prolonged load bearing at elevated
temperatures. The chemical composition and mechanical properties of all the components
of the composite are to be stable during the entire life-span. Thus the inter-diffusion of
elements of the composite becomes important.
To examine the diffusional stability of TiO 2 and ZrO2 coatings, they were exposed
to temperatures of up to 1600 OC for periods of 4 to 24 hours. The diffusion of Ti and Zr
ions inside the A1203 substrate and Al ions outside of the coating surface was investigated
using Scanning Electron Microscopy (SEM) and Secondary Ion Mass Spectrometry
(SIMS).
The specimens used for this study were prepared as described in Section 4.2.1, and
had the shape of A1203 wafers coated with I to 3 jtm thick ceramic film of TiO 2 or ZrO2
coatings. To prevent surface charging and to enable the observation under SEM, all
specimens were coated with about 20 nm thick layer of gold.
SEM study was performed in the regime of micro-probe. Some results of the
investigation are shown in the Figures 4.9 and 4.10 for ZrO2 and TiO 2 coatings on A 20 3
substrate. Each figure includes micro-image, showing the spot which was investigated,
and the spectrum of detected X-ray radiation, on which the wavelengths, characteristic for
the atomic species, are marked for identification.
Figure 4.9a shows the results of the investigation of diffusion of Al ions through
the ZrO , coating. As can be seen on the figure, the intensity of the Al peak is much smaller
than that of Zr peak, which means, that the surface layer consists mostly of ZrO2. As the
thickness of the ZrO2 coating in this study was of the order of 2 ptm, it is likely that some
electrons were able to pass the coating and some signal was generated by the layer of A10 3
under the coating***
Figure 4.9b shows the results of the investigation of the diffusion of Zr ions inside
of A120 3 . As can be seen in the figure, the studied area was centered about 5 gm deep
inside of the specimen. The locus on the X-ray energy axis, where the characteristic Zr
signal is to be expected, is marked. The figure shows that there is no signal corresponding
to Zr atoms. Hence, under the conditions of the experiment, there is no detectable
diffusion of Zr inside of A12 0 3.
Figure 4. 10a shows the results of the investigation of diffusion of Al ions through
TiO 2 coating. As can be seen from the fig., the intensity of the peak, corresponding to
radiation characteristic for Al atoms, is present and somewhat weighty, which signifies
presence of some of diffusion of Al through the TiO 2 coating.
Figure 4. 10b shows the results of the investigation of diffusion of Ti ions inside the
A120 3. As indicated by the peak, corresponding to the Ti atoms, there is some solubility of
Ti inside of A120 3. The largest level of solubility (under the equilibrium conditions) of Ti
in A120 3 is reported to be 0.30% [1.8], and this gives indirect indication of the sensitivity
of the testing method.
*" The peak corresponding to the gold (marked Au in the figure) is a result of gold coating the specimen to
insure the surface conductivity.
Figure 4.10c shows the results of the investigation of a large grain of TiA120 5,
formed on the surface of the TiO 2 coating. As is seen in the figure, the results show that
both Ti and Al atomic species are present.
As spatial resolution of the SEM was not considered sufficient for a definitive
answer in case of the TiO 2 coatings, additional study involving SIMS was conducted.
SIMS was performed in the ion probe mode of operation. Flux of primary ions (oxygen
O2+)was directed at the Al203 surface coated with TiO 2  to obtain high yield of
secondary ions to erode the surface. Changes of elemental composition with depth were
monitored to obtain a depth profile[4.2-1].
Because the Ti02 coating and Al203 substrate are non-conductive, the surface
of the specimen was flooded with low energy electrons to neutralize the charge build up. A
portion of the particles released from the surface was ionized and was analyzed. The
diameter of the bombarded area was 500 gm, over the initial coating thickness of about 1
pm.
The waviness and scatter of the depth profile for the Ti02 oxidized at 1100 OC
was attributed to non-uniform sputtering due to small grain size of the coating (average
grains smaller than lym, see Figure 4.12). It is known that crystallites do not amorphize
under ion bombardment and the different crystal orientations sputter at different rates [4.2-
2], which leads to a roughening of the sputtered surface, to a decrease in the depth
resolution, and to scatter of the signal similar to that observed in the present study.
The results of SIMS of a metallic Ti coating on an A 203 substrate are shown in
Fig. 4.11.
As can be seen in the figure, around the 10th minute of ion bombardment, when
the eroded depth reaches 1 pm, (i.e. the boundary between the coating and the substrate),
the intensity of Al-27 ions rises sharply (by more than 4 orders of magnitude), and the
intensity of Ti-48 ions begins to drop sharply by 1.5 orders of magnitude. This behavior
corresponds to a very sharp interface, with little Al penetrating into the Ti coating but some
Ti penetrating into the A1203 substrate.
Figure 4.12 shows the results of SIMS of the TiO2 coating after oxidation at
1100 OC. The interface is still quite well defined but showing a limited amount of diffusion
of Ti atoms into the A 1203 substrate and Al into the coating.
Finally Fig. 4.13 shows the results of SIMS generated elemental depth profile for
TiO 2 coating on A12 0 3 substrate after exposure to 1600 1C for 12 hours. As can be
seen from the figure, the width of the boundary between Ti02
increased to about 0.5 gm and the interface has diffused somewhat.
and A1203 has now
This can also be seen
in the Figure 2.18, which represents an SEM image of the boundary between Ti02
coating and Al 2 0 3 substrate after exposure to the same conditions.
4.2.4 AFM Studies of TiO 2 coating
The quality of the TiO 2 coating was studied using high resolution of atomic force
microscope. Also, crystallographic structure and orientation of crystallites was investigated
using this method. The materials and processing details of the specimen are given in the
Chapter 2.
The results of the investigation are shown in Figure 4.14. As can be seen from the
figure, the TiO 2 coating forms well-formed rutile grains (hexagonal) with the base plane
parallel to the substrate.
Chapter 5
High Temperature Mechanical Properties Of
The Oxide-Oxide Composite
5.1 Introduction
The material under investigation was an oxide-oxide composite material, formed by
incorporating single crystal c-oriented A120 3 fibers into ceramic oxide matrix, consisting of
a mixture of aluminum oxide Al203 and zirconium oxide ZrO2, the latter partially stabilized
by yttrium oxide Y20 3 (Y-PSZ). This composite was obtained by a process of oxidation
and sequential sintering of a green body, as described in Chapter 2 of the present work.
The initial green body consisted of metallic aluminum, aluminum oxide powder and
zirconium oxide powder, with the exact composition presented in the Table 5.1 [5.1].
After oxidation and sintering, this green body forms a ceramic polycrystalline
conglomerate, which will be referred to as a reaction bonded aluminum oxide (RBAO).
Two aspects of the mechanical behavior were investigated in the present study:
elastic properties of the RBAO and time-dependent creep deformation. Two sets of
material parameters -- elastic constants and power law creep constants --were determined
correspondingly.
Table 5.1 Composition of RBAO
Material Composition of the RBAO Theoretical Density,
Powder, % g/cm3
Al (Alcan 105) 40 3.95 (fully oxidized)
A120 3  40 3.95
(Ceralox MPA - 4)
ZrO2  20 5.963'
(Tosoh TZ - 2Y)
Fully dense matrix - 4.353
The density of the matrix was measured independently and was found to be (3.99
+/- 0.002) g/cm 3, which amounts to 91.67% of theoretical density (TD). The Young's
modulus of RBAO and power law creep parameters were investigated in 4-point bending.
'Estimated from data in [1].
5.2 Theoretical Estimate of High Temperature
Elastic Constants Of Oxide-Oxide Composites
As the elastic constants of single crystal Al20 3 fibers are well known and have been
measured in a wide temperature interval (see, e.g. [5.7]), to predict elastic constants of the
A120 A120 3 composite, elastic constants of the matrix with specific porosity and
composition must be known.
To this end elastic properties of a RBAO were measured experimentally in the
temperature interval between ambient temperature to 1250 OC. At the same time the elastic
constants of constituents composing RBAO (A120 3 and ZrO2), are known, so that the
elastic constants of RBAO can be estimated by finding Voigt and Reuss bounds
theoretically. We computed these bounds and compared experimental results with them.
The theoretical bounds on the elastic modulus of porous RBAO, containing
aluminum oxide A120, and zirconium oxide ZrO2 (yttria-partially stabilized zirconia, Y-
PSZ) in proportions given in the Table 5.1, were established first, finding the elastic
constants of a fully dense A1203/Y-PSZ composite and then adjusting for the level of
porosity of the material at hand. The former task was accomplished by computing elastic
constants of polycrystalline body of Y-PSZ and A120 3 separately. Elastic constants of Y-
PSZ were calculated under the assumption that the material has a cubic structure under an
ambient temperature and that the results can be extrapolated for 2%mol of Y20 3 content.
Thus, the computations were done in the following steps:
1. Dependence of elastic constants of single crystal Y-PSZ on Y20 3 content was
found and the results were extrapolated to give the properties of the Y-PSZ with 2% Y20 3.
2. Bounds on the elastic constants of a fully dense polycrystalline body, consisting
of ZrO)2mol% Y2O3 were determined as a function of temperature in the range from
ambient temperatures to 1250 OC from the elastic constants of single crystals of cubic ZrO2.
3. Bounds on the elastic constants of a fully dense polycrystalline A120 3 body were
determined as a function of temperature in the range from ambient temperature to 1250 OC
from the elastic constants of single crystal A120 3.
4. Bounds on the elastic constants of the fully dense RBAO in the temperature
range from 20 OC to 12500 C were found.
5. Elastic constants of porous RBAO were found in the temperature range from
ambient temperatures to 1250 OC.
5.2.1 Estimates Of The Elastic Constants Of Y-PSZ
Elastic constants of ZrO2 have been measured and reported for single crystals at
various compositions and temperatures [see 5.2, 5.3, 5.4 and references therein]. The
magnitude of measured elastic constants, as well as symmetry of the crystals and, thus, the
number of constants necessary to characterize it, was shown to depend on the
crystallographic forms of ZrO2.
There are some discrepancies in the literature regarding the phase diagram of
partially stabilized Zirconia and the temperature/composition boundaries of each
crystallographic form. Under ambient conditions ZrO2 forms a monoclinic mineral known
as baddeleyite [5.3]. At = 1170 OC ZrO2 undergoes a crystallographic transformation from
monoclinic to tetragonal [5.41 (other authors give a somewhat wider range of between 1000
OC and 1200 OC, [5.3]). In the range of =2600 OC to 2640 OC tetragonal ZrO2 undergoes
transformation to the cubic fluorite structure.
The fluorite cubic structure can be stabilized to ambient temperatures by the
introduction of greater than 10 - 20% impurities such as Y20 3, CaO and/or MgO [5.3].
Extensive studies, involving X-ray diffraction, TEM, dilatometry and Raman spectroscopy
showed that under ambient temperatures ZrO2 with 12 to 8.5 mol. % (20 to 15 wt%) of
Y20 3 were fully cubic ZrO2 [5.4, 5.5]. As the Y20 3 content was decreased from 7 to 2.5
mol%, increasing amounts of second-phase tetragonal ZrO 2 were observed. Compositions
with less than 2.5 mol% Y20 3 had increasing content of monoclinic ZrO2 with decreasing
content of cubic and tetragonal phases. Pure ZrO2 was found to be completely monoclinic.
Our material contained ZrO2 with 2 mol% of Y20 3 and the measurements were
conducted in the range of up to 1250 OC. Particles of ZrO2 of about 0.3gtm in size were
distributed in the continuous A120 3 matrix. On the basis of the referenced sources, it was
assumed that the particles of Zirconia were in the three-phase cubic plus tetragonal plus
monoclinic forms.
The results of the calculations of elastic constants of ZrO2 with different Y20 3
content are shown in Figure 5.1. Despite the mentioned variability of crystallographic
forms for ZrO2, the bounds of the effective elastic moduli for polycrystalline ZrO2
aggregate having two or three phases (cubic plus tetragonal plus monoclinic) vary
monotonicaly for the entire range of Y20 3 content, as was shown in [5.2] and is seen in
Fig. 5.1. No sudden jumps in the value of the elastic constants, associated with changes in
crystallographic structure, were detected. This gives the grounds to assume that the
bounds of the elastic constants of polycrystalline ZrO2 agglomerate can be found as if the
crystal structure were cubic, although with decreased amount of Y20 3content.
This also agrees with the results of [5.6], where monoclinic ZrO2 crystals were
studied. Results of [5.6] when used to compute the average Young's modulus of
polycrystalline aggregate at room temperature and are compared with the results of the
computation for the cubic ZrO2 in Figure 5.1 a.
These results, although giving rather wide estimates, point out on the possibility
that Young's modulus of a monoclinic Zirconia is slightly higher than the extrapolation of
the results of computation of elastic constants of fully Yttria-stabilized cubic Zirconia to the
zero Yttria content would otherwise suggest. Also a strong upward trend of all averages
(Hasin-Shtrikman, Reuss, Voigt) for Young's modulus for Zirconia with Yttria content of
less than 3% can be seen from the Figure 5.1 b, showing the linearized dependence of ZrO2
on Y20 3 content. Additional studies are needed to clarify this question.
Thus, the high temperature elastic constants of the polycrystalline ZrO2 aggregate
were found as if ZrO2 were cubic in the entire range of Y20 3 content. It was assumed that
the dependence of the elastic constants on the Y20 3 content at elevated temperatures is the
same as is at room temperature.
Under these assumptions we can use the cubic constants measured in [5.4] for the
temperature range 20 OC to 700 OC and extrapolate them for the temperature interval of the
present study, i.e. 20 OC to 1250 OC.
The results of extrapolation of data from [5.4] are shown in Figure 5.2. From
these results we obtained the estimates of elastic constants of ZrO2 with 2 mol% Y20 3 in
temperature range of up to 1200 OC (Figure 5.3)
5.2.2 High Temperature Elastic Constants Of A1203
The elastic constants for A120 3 were found by extrapolation of results from [5.7]
and verifying them by comparison with the results in [5.8]. The results are plotted in
Figure 5.4.
5.2.3 Elastic Constants Of A Fully Dense A120 3/ZrO2/Y 20 3 Composite As A
Function Of Temperature
Elastic constants of a fully dense A1203ZrO2Y20 3 composite were found as a
function of temperature first and then the correction for the porosity of the RBAO was
introduced. In these computations we assumed that Zirconia inclusions are uniform
spheres, randomly and isotropically distributed in the alumina continuous matrix.
Although the monoclinic/tetragonal/cubic transformation in Zirconia may be induced by the
inelastic deformation or applied stress and thus the material may develop a texture, this
effect was neglected.
Considering A120 3 as a continuous phase in which there are 20% of ZrO2
inclusions, using the method described in [5.9], the following expression for the shear
modulus g of the alumina/Zirconia composite is obtained:
AU = I'A o0, (1- (Ao, - ,o2 )f), (5.1)
P.MA, + 2( ± PA0 - PU0,, )(f - 1) 21 2 (5
where: tat2o3 and Ptzo 2 are the shear moduli of A120 3 and ZrO z correspondingly;
f is the volume fraction of ZrO , in A120 3,f= 0.2;
S1212 is a component of an Eshelby tensor.
Assuming that the Zirconia inclusions are spherical, the explicit expression for S 1212 is
given in [5.9]:
4- 5v o
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The effective bulk modulus Kis obtained by considering a uniform applied strain field
[5.9]. Then under assumption of the sphericity of inclusions:
= A1203 +  Z ' 2  -- A',2o3 (5.3)K=K A f 210K Al2  , (5.3)
Alzo,
where K is:
K= 1 + ('z°02  A -1)(1- ( + V(A25.4)
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In the calculation of the effective elastic constants of the composite the average
elastic constants of the constituents were used. Averaging was done over all previously
obtained bounds: Reuss, Voigt and two Hashin-Shtrickman bounds.
The computed averaged effective elastic constants of the A1203/ZrOJY 203 are
plotted in Figure 5.5.
5.2.4 Elastic Constants of RBAO
As the composite has the density of (about) 91.6% of the theoretical, the correction
for the porosity of the composite was introduced on this stage. Again, assuming the voids
in the ceramic body to be spherical, the effective elastic moduli of the porous material are
found as a moduli of a composite with one of the phases being voids. Thus, the bulk
modulus of the porous material is given [5.9] by:
K9,,6=Cc~.,(1- fi,,d/P), (5.5)
where: K9,,1.6- bulk modulus of 91.6% dense composite;
p - (1 - fYo,,)(1 + v(5)6
,P= - f + (5.6)
3(1 - vc,)
VcO, and ICo, are constants of the Al 20•/ZrO 2/Y20, composite found previously;
for, is a volume share of voids.
The shear modulus of the porous material is given by the following expression [5.9]:
1
/91.6 = ., (1 - fod, )  (5.7)1 - 4(1 - fWd )S121 2
where: yoP - the shear modulus of an the A120/ZrO2Y 20 3 composite found previously;
9,.6% - the effective elastic modulus of 91.6% dense material;
S,,,1 - previously defined component of the Eshelby tensor.
The resulting bounds on Young's modulus of the 91.6% dense material are plotted in
Figure 5.6, together with the results of experiment. The computed value of elastic modulus
will be compared with results of experiment (see section 5.4).
5.3 Creep Resistance Of The Oxide-Oxide
Composite.
It has been widely recognized that creep and creep-related time-dependent failure is
the major cause of failure in high temperature materials under normal conditions of loading
[5.10, 5.11]. To mathematically describe and predict the response of the composite to the
specific creep conditions it is necessary to know the creep properties of each component :
fibers, matrix and fiber coating on fiber-matrix interfaces. We will address creep properties
of the matrix of A120 3- A120 3 composite and the composite itself below.
Reinforcement in this composite consists of sapphire (single crystal cX-Al 20 3)
fibers, oriented such that the basal (0001) plane is perpendicular to the fiber axis, so that
crystallographic "c" axes is aligned with the fiber axis. These fibers will be referred to as
00 or c-oriented fibers.
Creep properties of sapphire have been widely investigated. Sapphire is
rhombohedral in structure with oxygen atoms forming an hcp lattice and aluminum ions
filling 2/3 of the available octahedral sites I 5.121. The creep in A1203 single crystals is
usually found to be the result of dislocation glide on primary or secondary slip systems
[5.13]. Three slip systems have been macroscopically identified in sapphire. They are
basal (0001) <1120>, prismatic { 1120) <0110>, and pyramidal { 1011) <0111> slip
systems [Bretheau et al., 1979, 5.14]. Some discussion continuous regarding the
anisotropy of deformation when pyramidal planes operate as slip planes.
Among these three slip systems, pyramidal slip is of primary interest here. It is the
most difficult slip system to activate and sapphire fibers used in the present study utilized
this property. Application of stresses parallel to the c-axes of single crystalline A120 3
produces a zero resolved shear stress on the basal planes (they are perpendicular to the "c"
axes) and the prismatic planes (they are parallel to c axes). It has been found [Gooch,
1973, [5.15]; Haggerty, 1991 [5.16]], that fibers with small amount of misorientation, i.e.
having angles of up to 3.00 between the fiber axis and crystallographic c axis, are quite
similar in their creep behavior to perfectly aligned single crystals, loaded exactly along the
c-direction. In particular, they do not exhibit basal deformation. In the studies cited above
the creep was accomplished by dislocation glide along ( 101x) family of planes. Also, no
creep strain was detectable under the temperatures below 1600 OC. The specimens were
found to always fractured before any creep was detected, despite the 50-hour exposure to
elevated temperatures.
According to the measurements conducted at Advanced Crystal Products Co., the
misalignment of the fibers used in the present study (the angle between the crystallographic
"c" axes and the geometric axes of the fiber) did not exceed 3.00. The fibers were
embedded into the matrix as shown on the Figure 5.7. As fibers were situated near the
surface of the specimen and the fiber diameter (about 100 ptm) was much smaller than the
height of the specimen (3 mm), it was assumed, that the fibers were loaded exclusively in
tension, neglecting small shear stresses along the basal planes acting on them. It was
presumed that the composite will be used in such a way that the fibers will be loaded along
the c-direction, and this choice of the specimen would model the real loading.
Our creep experiments were conducted under the temperature of 1200 OC. Thus,
from the above, we can conclude that under the conditions of our experiment, reinforcing
sapphire fibers should not develop any creep deformation. Thus the long term deformation
of the A120 3- A120 3 composite under the temperatures of below 1600 OC will develop in
such a way, that at the very beginning, immediately after the load application, the stress
will be distributed approximately uniformly between the fibers and the matrix of the
composite (neglecting the slight difference in elastic moduli of the fibers and the matrix).
As the time progresses, though, the stresses in the matrix will be relaxed by the creep
deformation, and the load-bearing function will be completely shifted to fibers. Since the
fracture of a critical fiber cluster will almost unavoidably lead to the fracture of the
composite, the long term strength of the composite will be determined by the strength of
the fibers, while the creep deformation will be near zero (total deformation should not
exceed the maximum elastic deformation of the fibers).
At temperatures above 1600 OC sapphire fibers start to exhibit some creep as well.
But the creep of the A120 3 matrix is so much more intensive [5.13], that to the first
approximation the same processes will take place: the load-bearing function will be shifted
to the fibers, and integral strength of the fibers will determine the strength of the composite
as a whole.
At the same time, the matrix is an important load bearing component in oxide-oxide
composite. Among the reasons for this are the small volume fraction of the fibers caused
by limitations of processing technique and the nature of the loading.
During the processing it does not seem possible to incorporate a significant volume
fraction of fibers into the matrix because of processing difficulties. Our experiments were
conducted on a specimens containing a limited number (3 to 5) of hand-laid fibers. It is not
expected that the volume fraction of fibers can be increased to more than 30%. With the
uniform fiber distribution in hexagonal array and fiber diameter of about 100 gm, the
distances between the adjacent fibers become too small, of order of 1gm. Gaps of this size
in the fibrous preform are difficult if not impossible to infiltrate successfully with the
material which forms matrix.
Also, the loading on the composite in most applications varies extensively with
time. For example, in the airplane turbine applications, the turbine power peaks for 30 - 45
seconds, during the plane take-off and landing 15.311. This gives the estimate of the time
during which the highest forces will have to be born by the composite and the highest
temperatures of the working environment will be developed. Since the response of the
composite to a short time creep loading is determined to a large degree by a matrix, its creep
resistance becomes of importance. The creep of the matrix was investigated in a set of
separate experiments.
As structure evolution and damage accumulation mechanism is associated with the
creep process [5.17], the resulting microstructure is changing continuously throughout the
creep process, leading to non-uniform stress distribution, possible fiber damage and
ultimately to a time-dependent failure (creep rupture). The structure of the composite and
its evolution was investigated using SEM.
5.3.1 Flexural Creep Analysis.
As mentioned above, the creep testing was done in four-point bending.
Traditionally the flexural analysis of creeping bodies in four point bending has been done
under the assumption, that the behavior of the material under compressive and tensile
loading is identical [e.g., 5.18]. Under this assumption the neutral plane (plane in which
both compressive and tensile stresses are zero) is a midplane of the specimen. Mechanical
behavior of a number of materials was investigated using this assumption [5.19].
On the other hand, an ample body of evidence exists proving that the creeping
behavior of most materials, including A12 0 3, is quite far from being symmetric [e.g., 5.20,
5.21 and numerous references cited therein]. The difference in the behavior is attributed to
the microstructure evolution during the creep and associated with it cavitation [5.17]
Recently the method was suggested for analysis of creep of materials having
different behavior in tension and compression [5.22]. Unfortunately, the method requires
an approximate solution to the equations and suffers from insufficient accuracy, as was
pointed out in [5.23].
In the present work an attempt was made to overcome these shortcomings and to
design the method of analysis of a creeping solid in bending. The method hereby presented
enables the investigator to determine the specific parameters of the creep behavior in tension
and compression from a flexure experiments. The experiments in 4-point bending are
generally easier to implement, particularly for the fibrous composite specimens. It becomes
a particularly important issue for a composite materials with unidirectionally aligned strong
fibers, where separate testing in both compression and tension along the fiber axis is
complicated. The developed method was applied to Al2O] ZrO2 and to Al2OJ ZrO2 / Al2O 3
composite specimens.
Traditionally, three stages of the creep are observed and are distinguished: primary
creep, secondary creep and tertiary creep. During secondary creep, which constitutes the
de
largest and the best studied part of the overall creep life, the strain rate E = d- is constantdt
and is usually described by a power-law function of an absolute value of stresses [5.24]:
DGbonst b lS= Const D----Gb[ n (5.8)kT d G
Q
where: D = Doe RT is the diffusion coefficient with Q as the diffusion activation energy;
G - shear modulus at absolute temperature T;
b - Burgers vector;
d - grain size;
a - applied stress.
Usually the first two multipliers are combined into one constant, to arrive at the formula:
t = AiY ni (5.9)
where: Ai and ni are material-specific creep parameters, which are constant during the
secondary creep and are to be determined experimentally. Their values are different for the
compressive and tensile deformation and index i takes the values C for compression and T
for tension. In Eq. (5.9) the stress is always assumed positive, independently of whether
the loading is in tension or in compression.
In four-point bending test (Figure 5.7) two pairs of forces F/2 are applied to the
specimen and create a state of a pure bending inside a minor span with a constant bending
moment M:
M = F ( L2 -  )  (5.10)4
where L1 and L2 are the geometric dimensions of an inner and outer span respectively,
given in Fig. 5.7 . The existence of a region in which the bending moment is constant and
stresses are well characterized is an advantage of a four-point bending test.
Symmetry considerations are employed to arrive at the usual planar cross section
hypotheses: for each cross section inside of the inner span the conditions on the right are
exactly the same as on the left, so there is no reason for the cross section which was planar
before the deformation to change its shape and become non-planar. Under the assumption
that this hypotheses holds true, the creep strain E in the specimen is proportional to the
distance from the neutral plane Y:
E= KY, (5.11)
where K is the (local) curvature of a neutral axis. If the material is homogeneous and
isotropic, the surfaces that were plane before the deformation, will become a part of a circle
under the action of a constant moment.
By expressing stresses along the cross section of the specimen in terms of Susing
the equ. (5.9) and substituting equ. (5.11) into it, the following expression is obtained,
giving stresses (Ti (Ai,ni) as a function of material constants for a given value of a
curvature rate K:
S(AI n A) = (5.12)
In this equation, i is either T for tensile part of the specimen or C for compressive part.
Compressive force Fc, acting along the rectangular cross section of the specimen, will be:
ti,
F c = B Tc(Ac,nc) dy, (5.13)
0
where Hc is the height of the part of the specimen which is in compression, and B is the
width of the specimen. Also a tensile force F, acting on the cross section of the specimen
will be:
tic
FT = Bj aT(AT,nT).dy, (5.14)
0
where Hv is the height of the part of the specimen which is in tension; obviously,
HC + HT = H, (5.15)
where H is the height of the whole specimen.
During a quasi-static deformation these forces Fc and F.r are equal, so their
difference, e, is zero:
e = FT- Fc = 0. (5.16)
Bending moments MT and Mc, acting in the cross section, produce the applied moment,
given by (5.10):
Hc
MT = B JT (AT.,nT).y dy (5.17)
HIc
Mc = B cc(Acnc).ydy (5.18)
M = M7. + Mc . (5.19)
It is proposed to conduct the experiment (at least) twice for each material, using two
levels of forces. For each level of forces the strain rate is measured. Thus, for each
material two groups of measurements for two different levels of forces F, and F2, and
correspondingly for two different bending moment M, and M2 are obtained, which
generates a system of four equations:
e, =0
e2 =0
MI = MTr + Mc, (5.20a, b, c, d)
M2 = MT2 + MC2
Moments and forces in this system are functions of material parameters Ai and ni.
Their explicit expressions in terms of four constants A., Ac, nT and nc are given in the
Appendix A5.2. After the dimensions HT and Hc are estimated for each group from
independent measurements, this system is sufficient for determination of four material
parameters AT, Ac, nT, nc .
Dimensions HT and Hc were estimated from the measurements of changes of length
of surface as described in section 5.4.
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5.4 Experimental Procedure
The specimen preparation procedure is described in Chapter 2 of the present work.
After oxidation and sintering, the specimens for the test were machined to dimensions close
to the ones suggested in standard ASTM C 1161 (1990). The dimensions of the specimen
are hight*width*length, in mm: 3*4*36, and are given in the Figure 5.7 . The machining
was performed at Chand Kare Technical Ceramics Co., using diamond abrasive grinding
and cutting wheels. Final finish on the surface included mechanical polishing with 0.3 tgm
diamond polishing paste. The sharp edges of the specimens were chamfered. The final
non-flatness of the specimen was controlled on profilometer and was found not more than
2.5 gtm.
The tensile creep machine used in the present study is described elsewhere [5.28].
The high temperature mechanical behavior was investigated in four-point bending, by using
a special bending fixture, made out of high quality high density graphite (UNOCAL POCO
Graphite Co.). The photo of the vacuum chamber with the bending fixture inside is shown
in Figure 5.8, and the technical sketch of the bending fixture is shown in Figure 5.9. The
creep machine chamber was evacuated to a pressure of 5* 106 Torr. The temperature was
maintained by a controller (RESEARCH, Inc.) and was measured by a tungsten-rhenium
thermocouple, introduced inside of the bending fixture as shown in Figure 5.9 .
During the measurement of Young's modulus the specimen was installed into the
bending fixture in the creep machine. The assembly was heated to a desired temperature
and kept at the same temperature level for at least 30 min. After this the specimen was
loaded by a known force. Each loading was repeated for at least 3 times. The (elastic)
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displacement of the points at which the specimen was supported was measured by four
linear variable differential transformers (LVDT), and the result was averaged over four
measurements.
The compliance of the fixture was measured first and was found to be much lower
than the compliance of the specimen.
The specimen was modeled as an elastic beam. On the basis of elastic analysis
provided in Appendix 5.1, the following expression, relating the Young's modulus E,
applied force P, the displacement of one support relative to another 5)0 and the dimensions
of the inner and outer span of the specimen e, and e, was obtained:
Pl +1 )
E = (5.21)
The results of the found elastic modulus E from known load P and geometric
parameters of the beam are compared with computed Voigt and Reuss bounds in Figure
5.6.
The creep behavior of A120 ZrO2 composite which is used as a matrix when
reinforced with single crystal A1203 fibers, as well as the creep behavior of the composite
itself was investigated experimentally at 1200 OC. The process of the specimen preparation
was analogous to that of the specimens used for the investigation of high temperature
elastic constants.
A pair of markings was inscribed with either the diamond pencil or diamond wheel
on the tensile surface of the specimen inside of the inner span, and another pair of markings
was produced on the compressive surface of the specimen, as shown in the Figure 5.7 .
The distance between the markings on each side was measured before the creep experiment
was started using either microscope or a profilometer. The same measurements were
repeated after the test, providing the information about the strains in the uppermost and
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lowermost layers of the specimen, which was necessary to estimate the location of a neutral
plane. From equation (5.11) the largest compressive strain eCmax and the largest tensile
strain rTmax will be:
ýCCmax = KHc , (5.22)
and:
ETmax = KHT, (5.23)
so that
HC 
-=CCmax (5.24)
HT ET max
Ecmax and ,rm.x were determined from the length measurements and two Equations
5.15 and 5.24 give the information to determine both Hc and HT.
The creep displacements were measured by LVDTs continuously during the
experiment. The final displacements and associated curvature were verified by finding a
profile of the deformed surface using profilometer-profilograph. During these
measurements the profile of the initially flat ground surface was recorded. Since it was
expected that after the deformation by the bending moment the flat surface inside the inner
span should become a part of a circle, the circle was approximately fitted to the obtained
curve and the average radius of the curvature was found (by a least square procedure). The
example of obtained curves and fitted radii of curvature are shown in Figure 5.10a, which
shows the final curvature for RBAO specimen, and 5.1 l b, which shows the final curvature
for A120J A120 3 composite. The example of measured displacement curve is shown in
Figure 5.12. The results of measurements obtained with LVDTs and with profilometer
coincided, with correspondence between the two better than 5%. The strains in the
specimen were found on the basis of the hypothesis of plane cross sections. After the
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experiment both RBAO and composite specimens were investigated using the scanning
electron microscope (SEM).
The dimensions Hc and HT were estimated, using the changes in the dimensions
between the markings, as described above, to obtain estimates for Hc and HT. These
values were substituted into the system of equations (5.20).
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5.5 Results and discussion
The system of equations (5.20) was solved numerically, using the software
package Mathematica® [Wolfram Research, Inc.]. The listing of the solution is given in
Appendix 5.2.
The resulting stress-strain rate dependencies are shown in the Figure 5.10, where
they are compared with creep rates of pure A1203 and ZrO2 [5.26, 5.29]. It may be noticed
that the creep resistance of the A120 J ZrO2 composite is somewhat higher than the creep
resistance of a pure Al20 3 of the same level of porosity and same grain size. The
explanation of this is suggested below based on the specific features of microstructure of
A120) A120 3 composite and on the mechanism of creep deformation and failure.
Structure of Al2O J A120 3 composite was investigated using SEM. SEM
representation, showing elemental contrast in secondary electrons is presented in Figure
5.13a and under higher magnification in Figure 5.13b. Since atomic weight of Zr (91.22)
is much higher than Al (26.98), in these figures lighter fields correspond to ZrO2, and
darker fields correspond to A1203. As can be seen on these Figures, the structure of RBAO
is characterized by a relatively small grain size of Al203 (about 1 tm) with even smaller
ZrO 2 grains (about 0.3 pm) situated along the boundaries of A120 3. This results in ZrO2
grains "pinning" A120 3 grains, thus making the grain growth and grain sliding difficult.
With regards to the influence of ZrO2 particles on the creep behavior of Al20 3 it
should be said, that there is some disagreement among published data on the creep behavior
of polycrystalline ZrO2. Ingel (1982) noted that bend specimens of Yttria-partially
stabilized Zirconia (Y-PSZ) with about 6wt% of Yttria, exhibit very little plasticity at
temperatures below 1500 OC [5.251. Evans in 1970 studied creep of Yttria-PSZ and
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Scandia-PSZ and observed two regimes for stress dependence during the creep of Y-PSZ,
one with the exponent n=1 and another with exponent n=6 [5.26]. He argued that the
former regime corresponds to a case when the strain rate controlling mechanism is cation
diffusion and the later one corresponds to formation, coalescence of voids and propagation
of cracks. The study of Dimos and Kohlstedt [5.27] also concluded that the rate-
controlling mechanism was a cation lattice diffusion and the stress exponent n was found to
be 1.2. It can be expected a priori, that the deformation is accomplished through some
diffusional processes, considering the structure of partially stabilized Zirconia, consisting
of a mixture of monoclinic, tetragonal and cubic crystallographic form. It does not seem
probable that the deformation accomplished by the dislocation motion would have been
possible in the this material.
Figure 5.12 also shows the strain rate-stress dependence for creep of
polycrystalline Y-PSZ, computed on the basis of the above cited references [5.25, 5.26 and
5.27], extrapolated to the average grain size of 0.3 pim. Although, as can be seen from the
Figure 5.12, the strain rate of Y-PSZ is higher than that of AlzO 3, the Y-PSZ particles still
have the higher creep resistance than the grain boundary layer of A120 3 and decrease the
creep strain rate.
It has been found that pure A120 3 during the creep conditions deforms by grain
boundary sliding (GBS) [5.29 and therein]. The same mode of creep deformation
characterizes RBAO as well, as evidenced by intergranular voids (Figures 5.14a, b, c and
d), showing the presence of intergranular sliding. Figures 5.15a and 5.15b show grain
facets opened as a result of GBS. Also, the creep exponent of 2 computed for RBAO is
compatible with GBS.
Thus, it is suggested that two factors contributed to an increase in creep resistance
of RBAO compared with pure A120 3. They are:
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1. Presence of reinforcing ZrO2 pinning particles along the A120 3 grain boundaries.
2. As ZrO2 does not dissolve in A120 3, nor does it form a new low-melting
temperature form [see fig. 2.2], no glassy phase formed along the grain boundaries, which
makes otherwise GBS much easier in A120 3 sintered with the help of sintering aids.
Other consequences of the pinning action of ZrO2 particles are rapid accumulation
of creep damage with deformation, and, thus, smaller strains to failure, and absence of
creep induced grain growth, characteristic for pure A12 0 3 [5.29].
It should be pointed out that the pure A120 3 can undergo a large creep deformations
before it fractures, with strains in the range of 20% to 30% reported [5.17]. The residual
deformation left in the crept RBAO specimen, as inferred from resulting curvature shown
in Fig. 5.10a, reaches about 0.48% in the outermost layers of the specimen. Thus, pinning
action of ZrO2 particles results not only in the increase in creep resistance but also in the
decrease of the deformation to fracture.
With regards to the morphology evolution during the creep in RBAO, the material
possessed some porosity, so the void nucleation stage during the creep was not detectable.
However, since the tendency for porosity retention during processing has as its driving
force the same mechanism as localization of the porosity during creep induced void
nucleation [5.30], the resulting porosity in crept and pressureless sintered material is
similar, if not identical. Sequential cavity growth mechanism took place by the GBS,
leading to cavity coalescence and to crack growth, with the rate controlled by sliding.
Figures 5.16a and 5.16b present the SEM image of the fracture surface, showing the
results of grain boundary crack propagation, and Figures 5.17a, b and c present magnified
part of fracture surface, showing four-grain corner cavity. Figure 5.18a and b show the
part of the surface of the specimen, which has undergone tensile deformation during creep.
Cracks are seen propagating along the boundaries of A120 3 and ZrO2.
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The creep of A120) A120 3 composite was investigated in four-point bending in the
same bending fixture. The residual deformation, inferred from the final curvature, Fig.
5.10a, is about 0.157% in the outermost layers of the specimen. This deformation is of the
order of the maximum elastic deformation of the A1203 fibers, thus suggesting that, while
in the beginning of the test the load was distributed (almost) uniformly along the cross
section of the specimen and was born by the fibers and the matrix, the stresses in the matrix
were relaxed by creep in due time, leading to transfer of larger and larger shear of the load
to the fibers. Fibers finally broke and the RBAO matrix fractured catastrophically.
Examination of the composite specimens after the test revealed that they had cracks
in them, emanating from the fibers, as shown in Figures 5.19a to 5.19f and in Figures
5.20a to 5.20e. It is apparent (particularly under higher magnification), that the cracks
developed on a stage when the matrix contained enough unoxidized Al to undergo some
local plastic deformation. At the same time, as can be seen in Figure 5.21a to 5.21f, there
is a gap present between the fiber and the matrix. The most probable explanation is that the
cracks were formed in the matrix before Al started oxidizing into A120 3, but the matrix was
shrinking. The reason for the shrinkage of the matrix on this stage could have been the
sintering of Al203, or the sintering of Al particles into one metallic body. The oxidation of
Al into A120 3 could have been delayed because of slow diffusion of oxygen through the
matrix. The gaps between the fibers and the matrix could have opened later, when Al
started oxidizing into A1203, since such oxidation is accompanied by a volumetric
expansion. This scenario is consistent with the results of dilatometric studies, reported
elsewhere [2.2.61. Further work is needed to improve the properties of the matrix.
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Appendix 5.1 Displacement Analysis of 4-point bending
Only the half of the beam was considered and this half was considered consisting of
two parts, part 1 and part 2. As the beam and the loading are symmetric around the middle
plane, this plane remains undeformed. In the area 1:
M = P(12+1-x),
where: M is the moment acting in cross section;
Thus the deflection, co, will be found as a solution to the differential equation:
C0, xx=M(EI) -'= P(12+11-x) (EI) 1 ,
which lead to the expression for the deflection:
o,= P(12+1
, -x)3(6EI)' + Cx+C2,,
where C, and C2 are the constants of integration. They will be found later from the
conditions that the deflection is smooth at x=12.
In the part 2 of the specimen the moment M is:
M=Plj,
thus:
32',xx=  PII(EI)1,
so:
02= PlIx 2(2EI) -'+C3x+C4.
As the left end of the beam is considered as fixed, at x=O, co=0, thus C3= C4=O, and:
(2= PIX2(2E)-'.
At x=12 o,= 2 and (o,= (02, where prime denotes differentiation with respect to x. From
these two conditions find C1 and C2, and co,:
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01= P(12+11-x) 3(6EI)) ' + Pl2x(212+11)(2EI) -' - P11 (122+1 2/3+1l12)(2EI)'.
Difference in the displacements at x=12 and x=l,+12 is:
&8=P1l2(12+11/3)(EI)'.
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Figure 1.1 CTE's of A120 3 in different crystallographic directions [1.6].
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Figure 1.2d System A12 0 3 - TiO 2 - ZrO2 ; primary phases[1.8].
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Figure 2.2a Model system consisting of A120 3 matrix reinforced with SiC
fibers pressureless sintered with the help of fugitive coating
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Figure 2.2b Fragment of the composite showing the SiC fiber imbedded
into A120 3 matrix. Fugitive coating deposited on the fiber prior
to the sintering has been removed and A10 3, matrix filled in the
gaps.
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Figure 2.3a Skewed cross section of a SiC fiber in A120 3 matrix
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Figure 2.3b Skewed cross section of a SiC fiber in A1,20 matrix underhigher magnification.
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Figure 2.4 Skewed cross section of a SiC fiber in A12 0, matrix. Interface
between the fiber and the matrix
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Figure 2.5 Cross section of a SiC fiber in AO120 matrix. The matrix did notfill in the gaps during the shrinkage.
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Figure 2.3.1 Crack pattern in SiC coating on AlO,3 substrate after
exposure to 1200 'C.
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Figure 2.3.2 Fragment of SiC coating on A12 03 substrate after exposure to1200 C.
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Figure 2.3.3 E-BEAM EVAPORATED Ti COATING ON A FLAT
SINGLE CRYSTAL A1203s SUBSTRATE
FIGURE 2.3.4a
SPATTERED Ti METALLIC COATING ON SAPHICONR
SAPPHIRE FIBER
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FIGURE 2.3.4b
SPATTERED Ti METALLIC COATING ON SAPHICONR
SAPPHIRE FIBER
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Figure 2.3.5 (Temperature and pressure vs time) diagram
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FIGURE 2.3.6
TiO 2 COATING ON SINGLE CRYSTAL A120 3 SUBSTRATE
OXIDIZED AT 11000 C
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FIGURE 2.3.7
ZrO2 COATING ON SINGLE CRYSTAL A120s OXIDIZEDAT 11000C
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FIGURE 2.3.8a
TiO 2 COATING ON SAPHICONR SAPPHIRE FIBER
AFTER OXIDATION AT 12000C
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FIGURE 2.3.8b
TiO2 COATING ON SAPHICONR
AFTER OXIDATION AT 120000C
SAPPHIRE FIBER
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FIGURE 2.3.9
ZrO2 COATING ON SINGLE CRYSTAL A120 3 OXIDIZED
AT 11000C
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FIGURE 2.3.10a
TiO2 COATING ON A120 3 SINGLE CRYSTAL SUBSTRATE
AFTER EXPOSURE TO 16000 FOR 4 HOURS
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FIGUR
T10 2 COATING ON A120 3s SINGLE CRYSTAL SUBSTRATE
AFTER EXPOSURE TO 16000 FOR 4 HOURS
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FIGURE 2.3.11
OUTER LAYER OF iO02 COATING. 1600C, 4hrs.
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FIGURE 2.3.12
ZrO2 COATING ON A120 3 SINGLE CRYSTAL SUBSTRATE
AFTER EXPOSURE TO 16000 FOR 4 HOURS
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FIGURE 2.3.13
TiOs COATING ON Al 20 3 SINGLE CRYSTAL SUBSTRATEAFTER EXPOSURE TO 16000 FOR 4 HOURS
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FIGURE 2.3.14a
LARGE SINGULAR GRAINS OF TIA1205. 16000, 4 hrs.
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FIGURE 2.3.14b
LARGE SINGULAR GRAINS OF TiA1205. 1600C, 4 hrs.
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FIGURE 2.3.15
FRACTURE OF TiOz COATING
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Figure 3.1 Schematic of a specimen in the special holder
151
Shock
Waves
Substrate
7777e
Fused
Quartz
Ld
-- -
• • w
f
------------
~~I
F,P'lrr"r•'/•p.aly =dl• X li X E IF •l X JII•JJ'J'JfJJJJJ ' ''r ' I l • H m '"J~j'J 'JJJ Ir,
Power
I
Figure 3.2 Temporal profile of a DSR-3 laser beam
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Figure 3.3 (a) Crater in Au energy absorbing coating formed by a laser pulse;
(b) Fragment showing a pattern of cracks in A12O, substrate.
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Generated Stress vs. Laser Fluence
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Figure 3.4 Stress generated in Sn energy absorbing coating vs. laser fluence
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Figure 3.7 Stress distribution in the elastic wave at time r = 0.3
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162
'
' '
b)
'
'`''
StzzFol
a) t= 1 . 4
O zz 90t 1 12
1-.
0.8-
0.6-
0.4-
0.2.
0-
-0.2,
-0.4-
4
2
U 0
b)
, Po )1.
1
0.8
0.6
0.4
0.2
0
-0.2
-0.4
0
4
2 0
Figure 3.13 Stress distribution in the elastic wave at the time t = 1.4
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Figure 3.14 Stress distribution in the elastic wave at time T = 1.6
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Figure 3.15 Stress distribution in the elastic wave at the time r = 1.8
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Figure 3.16 Stress distribution in the elastic wave at the time t = 2.0
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Figure 3.17 Stress distribution in the elastic wave at the time t = 2.8
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Figure 3.18 Elastic wave transmission and reflection at the bimaterial interface,
formed by the substrate and the coating.
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Figure 3.19 (a) Pressure pulse, acting on the energy absorbing interface, as
recorded by piezoelectric transducer and
(b) its Spectrum.
Experiment was conducted under the conditions described in Section 3.6
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Figure 3.20 Stress histories on the bimaterial interface:
(a) identical elastic constants of the substrate and the coating;
(b) TiO 2 coating on Al203 substrate;
(c) ZrO2 coating on Al 203 substrate.
Properties of TiO 2, ZrO 2 and A 203, used in computation, are given in the Table
3.1, Chapter 3.
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Figure 3.21 Dependence of maximum tensile stress amplitude across the
bimaterial interface, normalized with respect to the pressure pulse P0, on the
coating thickness for C coating on Si substrate :
(a) for the coating thicknesses of up to 0ltm and
(b) for the coating thicknesses of up to 200 pm.
Properties of C and Si, used in this computation, are given in the Table 3.1, Chapter
'3.
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Strength Distribution of A1203 Single Crystal Fibers
Strength, MPa
Distribution of tensile strengths of Al20 3 single crystal fibers of
120 gm diameter, manufactured by Advanced Crystal Product Inc.
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Figure 4.1.
Figure 4.2 Fracture surface of AO20 3 single crystal fiber
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Figure 4. 3 Specimen used in laser spallation experiments
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Figure 4.4 Thickness profile of a A120 3 wafer, coated with ZrO2
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Figure 4.6
Figure 4.7a
SPALLED AREA OF TiO 2 COATING ON A12 0s SUBSTRATE
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Figure 4.7b
SPALLED AREA OF TiO 2 COATING ON A120s SUBSTRATE
180
(a) .
,.-
0 50 100 150 200
Displacement (nm)
2:
(b) "•
0
0.4
0.3
0.2
0.1
0.0
0 50 100 150 200
Displacement (nm)
Figure 4.8. Typical indentation in (a)ZrO2 and (b)TiO2
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ZrO2 COATING ON A12 03 SINGLE CRYSTAL SUBSTRATEAFTER EXPOSURE TO 16000 FOR 4 HOURS
Figure 4.9a Results of the study of diffusion of Al through the ZrO2coating.
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Figure 4.10a Results of the study of diffusion of Al through the TiO.
coating.
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Figure 4.10b Results of study of diffusion of Ti into A120 3
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Figure 4.10c Results of elemental study of formed TiAI2O s
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TI coating on A1203 substrate after oxidation at 1100C.
105
104
103
102
-- 9--- Ti -48
0 10 20
time,
30
min
40 50
Figure 4.12 Results of SIMS generated depth profile for TiO 2 coating after
oxidation at 1100 OC, showing some inter diffusion of Ti and Al
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Figure 4.13 Ti ions traced in TiO2 coating on A120 3 substrate after exposure to
1600 oC for 12 hours
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Figure 4.14 AFM study of TiO, coating
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Figure 5.7 Bending Specimen
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Figure 5.8 Vacuum chamber with the bending fixture
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Figure 5.10a Final curvature of an inner span of a crept RBAO specimen
as measured by a profilometer
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Figure 5.10b Final curvature of an inner span of a crept A120 3 / A120 3
specimen as measure by a profilometer
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Figure 5.13
A120 3.
Structure of RBAO. Lighter fields are ZrO2, darker fields are
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c)
Figure 5.14 Intergranual voids generation and void opening as a result of
grain boundary sliding during the creep in RBAO.
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Figure 5.15 Intergranual facet openings in crept RBAO
207
Figure 5.16 Fracture surface of RBAO crept RBAO.
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Figure 5.17a
Figure 5.17b
Figure 5.17 Four grain corner cavity in crept RBAO
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Figure 5.17c
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Figure 5.18a)
Figure 5.18 Cracks on the tensile surface of crept RBAO
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Figure 5.18b)
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Figure 5.19 Structure of cracks in the matrix of A120 3 / A12 0 3 composite.
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Figure 5.19f
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Figure 20 Structure of cracks in the matrix of A120 3 / A120, composite
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Figure 5.21a
Figure 5.21 Clearances between the fibers and the matrix in A1203 / A1203
composite
216
Figure 5.21b
Figure 5.21c
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Figure 5.21d
Fieure 5.21e
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